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INTRODUCTION 

This  Annual Report  i s  the e i g h t h  of a series d e s c r i b i n g  the  

results of r e sea rch  by the  U.S. Geological  Survey on behal f  of  

t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  under c o n t r a c t  

R-66. 

S tudies ,  p rev ious ly  the  Astrogeologic  S tud ie s  Sec t ion  of t he  

Branch of Astrogeology. The o t h e r  former s e c t i o n  is  now t h e  

Branch of Sur face  P lane ta ry  Explora t ion ,  and work done by i t s  

personnel  f o r  t he  Branch of Astrogeologic  S t u d i e s  i s  a l s o  des- 

The r e p o r t  was prepared by the  Branch of Astrogeologic  

c r ibed  here ,  This  r e p o r t  covers  J u l y  1, 1966 t o  October 1, 1967; 

15 r a t h e r  than 12 months are covered so t h a t  f u t u r e  r e p o r t  p e r i -  

ods w i l l  correspond t o  c o n t r a c t  years .  This  one-volume summary 

r ep laces  the  multi-volume annual  r e p o r t s  of previous years .  Sup- 

plemental  maps a r e  no Longer inc iuaea  b u r  are C i i s L L i L u i - 4  

they are completed. 

Long-range o b j e c t i v e s  of t he  a s t rogeo log ic  s t u d i e s  program 

are t o  determine and map the  s t r a t i g r a p h y  and s t r u c t u r e  of the  

c r u s t  of t he  Moon and o t h e r  p l a n e t s ,  t o  determine t h e  sequence 

of events  t h a t  led t o  the  p re sen t  cond i t ion  of  t he  s u r f a c e s  of 

t h e  p l a n e t s ,  and t o  d e s c r i b e  how these  events  took place. Work 

c u r r e n t l y  lead ing  toward these  o b j e c t i v e s  includes:  (1) a pro- 

gram of  Lunar geologic  mapping from both t e l e s c o p i c  and space- 

c r a f t  photographs supported by photometr ic  s t u d i e s ;  (2)  f i e l d  

s t u d i e s  of n a t u r a l  s t r u c t u r e s  of impact and vo lcan ic  o r i g i n  and 

of craters produced by missile impac t  and explos ive  devices ;  ( 3 )  

l abo ra to ry  s t u d i e s  of t h e  behavior  of rocks and minera ls  sub- 

j e c t e d  t o  shock; ( 4 )  s tudy  of t he  chemical,  pe t rographic ,  and 

phys ica l  p r o p e r t i e s  of t e k t i t e s ,  me teo r i t e s ,  and cosmic d u s t  

and development of s p e c i a l i z e d  a n a l y t i c a l  techniques.  



This  volume comprises f o u r  s e c t i o n s ,  each corresponding t o  

a n  entire volume of previous yea r s .  P a r t  A, Lunar and P l a n e t a r y  

I n v e s t i g a t i o n s ,  d i s c u s s e s  the program of l u n a r  geo log ic  mapping, 

i nc lud ing  .( 1) r e g i o n a l  mapping a t  a scale of 1:1,000,000; (2) 

s y n o p t i c  compilat ion of t h e  mapping r e s u l t s  a t  t h e  1:5,000,000 

scale; ( 3 )  Apollo s i t e  mapping a t  t h e  1:100,000, 1:25,000, and 

1:5,000 s c a l e s ;  ( 4 )  Ranger mapping a t  a v a r i e t y  of scales. P a r t  

rts progress  i n  f i e l d  and labora-  

f a t e d  phenomena. F i e l d  i n v e s t i -  

g a t i o n s  are be ing  made of n a t u r a l l y  formed craters and r o o t s  of 

craters of impact and vo lcan ic  o r i g i n :  (1) Plynn Creek, Tennessee; 

(2) S i e r r a  Madera, Texas; (3)  Gosses B l u f f ,  A u s t r a l i a ;  (4) Mule 

Ear diatreme,  Utah; ( 5 )  Moses Rock diatreme,  Utah; (6)  Lunar 

Crater, Nevada; ( 7 )  San Francisco v o l c a n i c  f i e l d ,  Arizona; and 

(8) Ubehebe Crater, C a l i f o r n i a .  Impact-metamorphosed rocks and 

rninerals from several l a r g e  impazt s t r u c t u e s  are being i n t e n -  

. -4-7:7 c + i * J i p d  irr the l abo ra to rv .  Man-made craters t h a t  are 

being s t u d i e d  range from those produced by missile impact a t  
White Sands Missile Range t o  those formed i n  sand by small low- 

v e l o c i t y  p r o j e c t i l e s .  

i nc ludes  r e p o r t s  on techniques of s tudy ,  a n a l y s i s ,  and i n t e r -  

p r e t a t i o n  of d a t a  on materials of known o r  suspected e x t r a t e r -  

res t r ia l  o r i g i n .  P a r t  D ,  Space P l i g h t  I n v e s t i g a t i o n s ,  covers  

P a r t  C ,  Cosmic Chemistry and Pe t ro logy ,  

s t u d i e s  from Surveyor photographs and inc ludes  a .  b r i e f  summary 

of work done i n  support  of space f l i g h t  o p e r a t i o n s ,  mainly of 

b u t  i nc lud ing  p re l imina ry  planning f o r  Mars 

r i l y  accompanies d a t a  ga the r ing  f o r  p l ane t -  

a r y  s t u d i e s .  

The fo l lowing  were published du r ing  t h e  pe r iod  J u l y  &, 1966 t o  

October 1, 1967: 

Batson, R. M., and Larson, K. B . ,  1967, Compilation of Surveyor 

t e l e v i s i o n  mosaics: Photogram.  Eng;, v. 33,  no. 2 ,  p. 163- 

173. 
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Elrett, Robin, 1967, Coheni te--I ts  occurrence and a proposed o r i -  

gin:  Geochim, e t  Cosmochim. Acta, v. 31, no. 2 ,  

160. 

B r e t t ,  Robin, and Henderson, E. P . ,  1967, The occurrence and 

o r i g i n  of lamellar t r o i l i t e  i n  i r o n  me teo r i t e s :  

e t  Cosmochim. Acta, v. 31, no. 5, p. 721-730. 

Geochim. 

B r e t t ,  Robin, and Higgins,  G. T. ,  1967, C l i f t o n i t e  i n  meteori tes--  

A proposed o r i g i n :  Science,  v. 156, no. 3776, p. 819-820. 

- 1967, A proposed o r i g i n  of c l i f t o n i t e  cabs.]: Am. Geophys. 

Union Trans. v. 48,  no. 1, pa 160. 

B r e t t ,  Robin, and Kullerud, G . ,  1967, The Fe-Pb-S system: Econ. 

Geology, v. 62, no. 3,  p. 354-369. 

Carr, M. H.,  1966, Geologic map of the Mare S e r e n i t a t i s  r eg ion  of 

t h e  Moon: U.S. Geol. Survey Plisc. Geol. Inv. Map 1-489. 
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mined from the  1965 Lus te r  sounding r o c k e t  c o l l e c t i o n :  Jour.  
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- 1967, Impact metamorphism, & Abelson, P. E . ,  e d . ,  Researches 
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P a r t  A. LUNAR AND PLANETARY INVESTIGATIONS 

During c o n t r a c t  yea r  1967, t h e  luna r  and p l a n e t a r y  program 

concent ra ted  on Lunar O r b i t e r  and Surveyor space  f l i g h t s .  

graphs and o t h e r  d a t a  from these h igh ly  s u c c e s s f u l  s p a c e c r a f t  

were screened ,  mainly f o r  t h e i r  a p p l i c a t i o n  t o  t h e  Apollo pro- 

gram, and a n  i n t e n s i v e  program of mapping Apollo sites was 
begun. I n  a d d i t i o n ,  mission ope ra t ions  ( r epor t ed  in  P a r t  D) 

occupied the  t i m e  of 10 luna r  g e o l o g i s t s  du r ing  space  f l i g h t s .  

A s  a r e s u l t ,  f e w  new 1:1,000,000 scale maps were completed, 

a l though s u b s t a n t i a l  p rogress  was made on those  of t he  44 quad- 

Photo- 

r a n g l e s  a t  t h i s  scale t h a t  are cont rac ted  f o r  b u t  as y e t  unpub- 

l i s h e d ,  Work a l s o  advanced on a 1:5,000,000 e a r t h s i d e  compila- 

t i on .  

I. Mapping a t  a scale of 1:1,000,000 

Progress  r e p o r t  

, ~..-b".."Y nu" , - _ _  _ - - -  - - -  -c -. n.r,-:nn &he ..,,w;,.a T..?-- I n c ~  L -  n - L - L - - -  7 n ~ 7  
v 

made toward the  even tua l  p u b l i c a t i o n  of 1:1,000,000 maps of t h e  

e n t i r e  l una r  e a r t h s i d e  hemisphere ( t a b l e s  1-3). Seven maps whose 

con ten t  was summarized i n  the  prev ious  annual  r e p o r t  (Seleucus,  

P i t a t u s ,  Mare Humorurn, Mare S e r e n i t a t i s ,  Hevel ius ,  J u l i u s  Caesar, 

Copernicus) were publ ished.  A l l  of  t hese  are i n  t h e  c e n t r a l  and 

wes tern  p a r t s  of  t h e  e q u a t o r i a l  b e l t  of 28 quadrangles  where t h e  

luna r  geologic  mapping program began; 12 maps i n  t h i s  b e l t  of 

quadrangles  are now publ i shed  ( f i g .  I, t a b l e  1). One map t h a t  

a l s o  w a s  summarized last yea r  (Mare Vaporum) is  completed and 

w i l l  soon be publ i shed  ( t a b l e  I). 
b e l t  were readied  f o r  p u b l i c a t i o n  and are summarized i n  t h i s  

r e p o r t ;  one (Theophilus) w a s  submit ted f o r  p u b l i c a t i o n  bu t  has  

been cons iderably  delayed because of b a s e - r e g i s t r a t i o n  problems; 

another  (Ptolemaeus) i s  i n  the  f i n a l  e d i t o r i a l  s t a g e s ;  bo th  w i l l  

be publ i shed  i n  f i s c a l  year  1968. Three p re l imina ry  maps i n  t h e  

northwest  quadrant  of t he  Moon completed last yea r  (Cass in i ,  

Two a d d i t i o n a l  maps i n  t h i s  
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Published i n  color 

Final m i  11 copy ( I-numbers) 
or semi final version 

S 

Reviewed 
1 i m i  nary 

and drafted pre- 
version 

U n rev i ewe d a u t h or - d r a f t e d 
vers i on 

F igure  1. --Index map of Moon showing 1: 1,000,000 maps a v a i l a b l e  

f o r  d i s t r i b u t i o n  as of December 1967. 
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Table 1.--Maps a t  1:1,000,000 scale publ i shed  o r  i n  p r e s s  a t  end 

of contrace: year  1967 ( p u b l i c a t i o n  d a t e  of maps 

ind ica t ed  by paren theses)  

Mal! 
Kepler 

Le t  ronne 

Riphaeus M t s .  

Timochar i s  

A r  i s  tar chu s 

Montes Apenninus 

P i t a t u s  

Mare S e r e n i t a t i s  

Heve 1 i u s  

Mare Humorum 

J u l i u s  Caesar 

Copernicus 

Seleucus 

Mare Vaporum 

Theophilus 

Ptolemaeus 

Author 

Hackman 

Mars ha1  1 

Egg l e t o n  

Carr 

Moore 

Ha  ckmann 

Trask,  T i t l e y  

Carr 

McCauley 

T i t  l e y  

Morris, Wilhelms 

Schmi t t ,  Trask, 

Moore 

W i  l h e  l m s  

Mil ton  

Howard, Masursky 

SI7oernalcer 

Number 

1-355 

1-385 

1-45 8 

1-462 

1-465 

1-463 

1-485 

1-489 

1-49 1 

1-495 

1-5 10 

1-5 15 

1-527 

1-548 

1-546 

none 
ass ignedJc 

not  y e t  p r i n t e d  

P u b l i c a t  ion' 
d a t e  - 
19 62 

19 63 

19 65 

19 65 

19 65 

1966 

19 66 

19 66 

19 67 

19 67 

19 67 

19 67 

19 67 

( e a r l y  1968) 

(mid- 19 68) 

( mid- 19 68) 

*The Ptolemaeus quadrangle  was n o t  y e t  i n  p r e s s  a t  t h e  end of 

f i s c a l  year  1967; i t  w i l l  be  submit ted i n  December 1967. 
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Sinus Iridum, J. Herschel)  have been r e v i s e d ,  and w i l l  soon b e  

submit ted f o r  p u b l i c a t i o n  ( t a b l e  2) ; they  are d i scussed  h e r e  i n  

t h e  l i g h t  of  O r b i t e r  da t a .  

i n  t h e  e a s t e r n  p a r t  of t h e  Moon completed 2 yea r s  ago are be ing  

Four p re l imina ry  maps of  quadrangles  

r ev i sed  f o r  p u b l i c a t i o n  and should a l s o  be  publ i shed  i n  f i s c a l  

y e a r  1968 ( t a b l e  2). Two of t hese  (Macrobius, Cleomedes) as wellas 

a l l t h e  unpublished maps s o  far d iscussed  are a v a i l a b l e  i n  sub- 

s t a n t i a l l y  r ev i sed  form ( f i g .  I); a u t h o r ’ s  working copies  o f  two 

o t h e r s  (Ta run t ius ,  Colombo) can be consul ted.  Work towards a 
publ ished v e r s i o n  also progressed  on f i v e  o t h e r  p rev ious ly  sub- 

mi t ted  p re l imina ry  maps (Rupes A l t a i ,  P l a t o ,  Langrenus, Purbach, 

Grimaldi) ( t a b l e  2) .  

Among the  uncolored o z a l i d  pre l iminary  maps no t  p rev ious ly  

completed, one of  a quadrangle  i n  t h e  n o r t h e a s t  quadrant  of t h e  

Moon (Eudoxus) w a s  completed i n  f i s c a l  y e a r  1967 and is be ing  

r e v i s e d  f o r  p u b l i c a t i o n  ( t a b l e  2 ) .  Three maps of quadrangles  i n  
i - h ~  wmt%e-.rn h iphlands  (Xommel. Clavius ,  S c h i l l e r )  were brought  

nea r  t o  complet ion ( t a b l e  3 ) .  Two i n  t h e  n o r t h e a s t  ( A r i s t o t e l e s ,  

Geminus) and t h r e e  in  t h e  sou the rn  highlands (Tycho, W i l h e l m ,  

Schickard) are less advancedbut  w i l l  be f i n i s h e d  i n  pre l imina ry  

form be fo re  October 1968. These f i v e  are t h e  last of t h e  group 

of 44 quadrangles  o r i g i n a l l y  ass igned ,  and wi th  t h e i r  completion 

approximately one - th i rd  of t h e  Moon ( t o t a l ,  144 quadrangles)  w i l l  

be  mapped a t  least i n  p re l imina ry  form. 

Quadrang3.e and r e g i o n a l  summaries 

Highlands ( t e r r a )  occupy most of t he  Theoptiilus quadrangle.  

S t r a t i g r a p h i c  c o r r e l a t i o n  of t h e  highlands u n i t s  w i th  t h e  s tand-  

a r d  l u n a r  s t r a t i g r a p h i c  s e c t i o n  i n  the  Imbrium reg ion  proved 

d i f f i c u l t ,  and u n i t s  were d i sc r imina ted  p r i m a r i l y  on t h e  b a s i s  

of t h e  l o c a l  physiographic  c h a r a c t e r i s  tics. 

u n i t s  as mapped by D. 5. Mil ton  are c h a r a c t e r i z e d  by (1) l e v e l  

f l a t  o r  g e n t l y  undula t ing  low-lying p l a i n s  (Cayley Formation),  

(2)  r o l l i n g  p l a t e a u s  of smooth s u r f a c e  t e x t u r e  (material of Rant 

The t h r e e  p r i n c i p a l  
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Table 2.--Maps a t  1:1,000,000 scale p rev ious ly  completed i n  

p re l imina ry  form and now be ing  r ev i sed  f o r  pub l i ca t ion .  Per- 

cen tage  completion and es t imated  completion refer t o  a u t h o r ’ s  

work; review, 

a1 months 

Map_ 
C a s s i n i  

S inus  Iridum 

3. Herschel  

Macrob i u s  

C leomedes 

Colombo 

Tarun t i u s  

Eudoxus 

Rupes A l t a i  

P’.? +e 

G r  imald i 

Purbach 

Langrenus 

Pe t av ius  

Fracas  t o r i u s  

Riimke r 

Rhe i ta  
Maurolycus 

Byrgius 

Mare Undarum 

d r a f t i n g ,  and p r i n t i n g  r e q u i r e  8 t o  10 add i t ion -  

Au tho r 

Page 

Schaber 

U l r i c h  

Pohn 

B inde T 

E l s  ton 

Wilhelms 

Page 

Rowan 

Percent  revis ion  
is complete 

O c t .  1 Dec. 

35 100 

50 90 

20 90 

50 90 

90 90 

90 90 

60 70 

0 50  

15 40 

- 
Estimated 
completion 

121 67 

1/ 68 

1/ 68 

2/ 68 

2/ 68 

2/ 68 

2 /  68 

31 68 

3/ 68 
-2 ILQ M ‘ l?C\3i-nl D --, a 1.5 ’;e I, ”- 

McCau l e y  10 30 4 /  68 

Hol t  25 25 5 /  68 

Cannon,* Wilhelms, 20 30 7/ 68 

Holm,* Wilhelms 0 5 8/ 68 

Sch l e i c  he r  

Ryan 

E l s  ton  0 0 9/  6% 

Eggleton,  Smith 0 0 FY 69 

S t u a r  t-Alexander 0 0 FY 69 

Cozad, T i t l e y  0 5 FY 69 

Tras k 0 0 FY 69 
Masur s ky , Co 1 ton* 0 0 FY 69 

$<Re c en  t r eas s ignmen t , 

1 2  



Table 3.--Maps a t  1:1,000,000 s c a l e  be ing  prepared i n  prel imin-  

a r y  form. F igures  r e f e r  to  completion o f  a u t h o r ' s  work; re- 

view, d r a f t i n g ,  and o z a l i d i n g  r e q u i r e  4 a d d i t i o n a l  months; 

p u b l i c a t i o n  should fo l low about  a yea r  a f t e r  t h a t  (16 t o  18 

months from d a t e s  given) 

Mall 
C l a v i u s  

Home 1 

S c h i l l e r  

A r i s  t o t e l e s  

Schickard 

Geminus 

Tycho 

Wilhelm 

Author 

Cummings 

Plutch, Saunders 

O f f i e l d  

Roddy 

Karls trom 

Gro l i e r  

Pohn 

Saunders ,* 
Wi l h e  Ims*  

Pe rcen t  r e v i s i o n  
is complete 

O c t .  1 Dec. 

100 100 

90 100 

40 100 

20 30 

5 30 

5 10 

35 35 

5 15 

I_. 

Estimated 
completion 

8/  67 

lo /  67 

121 67 

1/ 68 

3/ 68 

3/68 

4 /  68 

5/68 

*Recent reass ignment. 

P l a t e a u ) ,  and (3) rugged i r r e g u l a r  h i l l s  ( t e r ra  u n i t s ) .  The 

near -sur face  materials i n  all t h r e e  u n i t s  may be  most ly  of vol-  

c a n i c  o r i g i n ,  a l though much of  the  c h a r a c t e r i s t i c  r e l i e f  of  t h e  

u n i t s  i s  t h a t  of under ly ing  f e a t u r e s  t h a t  may be  of impact o r  

t e c t o n i c  o r i g i n .  Re la t ive  age of t h e  t h r e e  s u r f a c e  u n i t s  can- 

n o t  be e s t ab l i shed .  The u n i t s  a l l  appa ren t ly  pos t -da te  t h e  

formation of t he  Imbrium b a s i n ,  b u t  range up i n t o  t h e  Coperni- 

can System. 

Hi s to ry  of terra areas i n  t h e  Ptolemaeus quadrangle ,  mapped 

by Ke i th  A. Howard and Karold Masursky, i s  complex. Pre-Imbrian 

r e g i o n a l  d e p o s i t s  are suggested by p l a t e a u s ,  such as t h e  reg ion  

northwest  of Ptolemaeus, t h a t  l i e  between remnants of some of 

t h e  many a n c i e n t  craters. Pronounced f a u l t s  r a d i a l  t o  Mare 

Imbrium ( Imbrian scu lp tu re )  were e v i d e n t l y  produced by the  
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Imbrium impact.  

s en ted  by the r i l l e s  and s c a r p s  i n  Ptolemaeus, Alphonsus, and 

Hind t h a t  fo l low the  s c u l p t u r e  d i r e c t i o n  b u t  are younger than 

the  Imbrian material which f i l l s  t hese  craters. This  f i l l ,  t h e  

smooth, plains-forming Cayley Formation, occupies  most o t h e r  

terra depres s ions  i n  the quadrangle as w e l l ,  and h e r e ,  as i n  

o t h e r  r eg ions  of t h e  sou the rn  h igh lands ,  appears  t o  grade lateral- 

Evidence of r e a c t i v a t i o n  o f  t he  s c u l p t u r e  is pre-  

h i n  mantle of material t h a t  s t h s  l a r g e  areas of 

hills. The Cayley and t h i s  a r e n t  t h i n  e q u i v a l e n t  

are i n t e r p r e t e d  e i t h e r  as the  r e s u l t  of mass wast ing o r  as a s h  

flows. Various v o l c a n i c  landforms occur  i n  t h e  quadrangle ,  in-  

c lud ing  p i t t e d  uplands nea r  Miiller, dark-halo craters i n  Alphon- 

s u s ,  t h e  b r i g h t - h a l o  crater Davy G ,  and craters as much as 17 

km wide i n  the  Vogel chain.  Age r e l a t i o n s  i n d i c a t e  volcanic-  

crater formation i n  t h e  terra from Copernican back through a t  

least  Imbrian t i m e ,  and impact c r a t e r i n g  throughout t he  decipher-  
n h l a  h i c t n r x r  n f  t h e  niiarlrancrl~.. 

A l l  1:1,000,000 maps made o r  r e v i s e d  a f t e r  t h e  f l i g h t  of  

Lunar O r b i t e r  I V  ( t h a t  i s ,  those l i s t e d  i n  t a b l e s  2 and 3) w i l l  

b e n e f i t  from the  superb photographs obtained by t h a t  s p a c e c r a f t ;  

mapping w i l l  be more meaningful and w i l l  p rog res s  f a s t e r .  An 

important  example of t h i s  i s  t h e  inc reased  understanding of t h e  

o r i g i n  of t e r r a i n  surrounding mare b a s i n s  t h a t  w a s  made p o s s i b l e  

by Lunar O r b i t e r  I V  photographs of t h e  Mare O r i e n t a l e  basin.  

S t r u c t u r e s  and geologic  u n i t s  of O r i e n t a l e  are f r e s h  and relative- 

l y  unmodified by e r o s  ion,  tectonism,  and pos t -bas  i n  d e p o s i t s ,  By 

comparing them w i t h  t h e  degraded s t r u c t u r e s  and u n i t s  of  o t h e r  

b a s i n s ,  t he  elements of the o t h e r  b a s i n s  d a t i n g  from the  t i m e  of 

b a s i n  formation can now be d i s c r i m i n a t e d  from those produced by 

later even t s .  

Such a comparison has been made between Imbrium and Or ien t -  

a l e , a n d  has l ed  t o  c l a r i f i c a t i o n  of t e r r a i n  i n s i d e  the  Apennine 

s c a r p  and n o r t h  of the Imbrium bas in .  
ponents i n  t h i s  t e r r a i n :  a set  of c o n c e n t r i c  s t r u c t u r a l  r i n g s  

There are t h r e e  major com- 
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formed s imultaneously wi th  the  b a s i n ,  s u r f a c e  u n i t s  a l s o  most 

l i k e l y  contemporaneous w i t h  t h e  b a s i n  (p robab ly  ejecta),  and post-  

b a s i n  materials. Matching of t he  s t r u c t u r a l  r i n g s  among b a s i n s  

i s  a necessa ry  p re l imina ry  t o  matching s u r f a c e  materials. 

mann and Kuiper ( o f  t he  Lunar and P l a n e t a r y  Laboratory of t h e  

U n i v e r s i t y  of Arizona) demonstrated (Ref. 1) t h a t  a s imilar  pa t -  

t e r n  e x i s t s  among the  r i n g s  of a l l  f r o n t s i d e  b a s i n s ,  b u t  t he  

e x a c t  manner of correspondence between O r i e n t a l e  and Imbrium w a s  

n o t  known u n t i l  O r b i t e r  I V  photographed t h e  wes te rn  limb. The 

photographs show a c l o s e  match among f o u r  p r i n c i p a l  s t r u c t u r a l  

r i n g s  of both O r i e n t a l e  and Imbrium: (1) an  i n n e r  b a s i n  (covered 

i n  both bas ins )  ; (2) a r i n g  of peaks (exposed i n  O r i e n t a l e ;  i n  

Imbrium, the  i n n e r  r i n g  of s t e e p  i s l a n d s - - S t r a i g h t  Range, Sp i t ze -  

bergen, e t c . - - t h a t  was p r e v i o u s l y  thought t o  border  t he  inne r  

b a s i n  d i r e c t l y ) ; ( 3 )  ano the r  r i n g  of peaks ( i n  O r i e n t a l e  t he  Rook 

Mountains; i n  Imbrium, t h e  Alpes and the rugged t e r r a i n  a d j a c e n t  

t o  Archimedes) : ( 4 )  t he  o u t e r  scarp ( i n  O r i e n t a l e .  t he  C o r d i l l e r a :  

i n  Imbrium, the  Apennines and Carpathians and the  n o r t h  edge of 

Mare F r i g o r i s ) .  This  c l a r i f i c a t i o n  of t he  r e l a t i o n  of t h e  r i n g s  

of the two b a s i n s  c l a r i f i e s  t h e  correspondence of the s u r f a c e  

d e p o s i t s .  Most s i g n i f i c a n t l y ,  between the  t h i r d  and f o u r t h  r i n g s  

of O r i e n t a l e  (and i n  dep res s ions  o u t s i d e  the  f o u r t h  r i n g )  i s  a 

rough pimply t e r r a i n  t h a t  i s  l i k e  t e r r a i n  t h a t  has long been 

known nea r  Imbrium b u t  whose r e l a t i o n  t o  t h e  F r a  Mauro Formation 

( a  more g e n t l y  hummocky b l a n k e t  long i n t e r p r e t e d  as the  e j e c t a  

from the  Irnbrium basin)  w a s  n o t  understood. Now t h a t  t he  cor-  

respondence of t h e  s t r u c t u r a l  r i n g s  i s  e s t a b l i s h e d ,  i t  is s e e n  

t h a t  some of t he  rugged t e r r a i n  of Imbrium occurs  i n  the  same 

r e l a t i v e  p o s i t i o n  as that i n  O r i e n t a l e ,  between t h e  t h i r d  and 

f o u r t h  r i n g s .  (The rest, i n t e r e s t i n g l y ,  may occur  i n  t h e  same 

Hart- 

p o s i t i o n  re la t ive t o  the  S e r e n i t a t i s  b a s i n  and thus be g e n e t i c a l -  

l y  r e l a t e d  t o  t h a t  b a s i n  and n o t  t o  Imbrium.) The o u t e r  d e p o s i t  

around O r i e n t a l e ,  outsi.de the  C o r d i l l e r a s  and c a l l e d  the Cordi l -  

lera Formation, resembles the F r a  Mauro Formation except  f o r  i t s  
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d e l i c a t e l y  grooved p a t t e r n ,  which presumably has  n o t  been pre- 

se rved  i n  the  o l d e r  Imbr ium equiva len t .  The o r i g i n  o f  t he  i n n e r  

rugged material i s  unce r t a in ,  a l though i t  probably formed a lpng  

w i t h  the  bas in ;  t he  upper s u r f a c e  of t he  o u t e r  material w i t h i n  

one b a s i n  d iameter  was appa ren t ly  emplaced by r a d i a l  f lowage, 

p o s s i b l y  by a base surge.  

D i f f e rences  between t h e  bas ins  are appa ren t ly  due t o  the  age 

of  t h e  Imbrium bas in .  Many of  t he  s t r u c t u r a l  peaks and h i l l s  of 

rough e j e c t a ( ? )  are smoother i n  Imbrium than O r i e n t a l e ,  and de- 

p re s s ions  arc f i l l e d  wi th  l i g h t  plains-forming materials. 

These new i n s i g h t s  f a c i l i t a t e  completion of 1: 1,000,000- 

s c a l e  maps of t h e  no r the rn  Imbrium region.  Three quadrangles  

( C a s s i n i ,  Sinus Iridum, and J. Herschel)  are i n  f i n a l  s t a g e s  of 

completion and w i l l  be  submit ted f o r  p u b l i c a t i o n  w i t h i n  2 o r  3 

months. ?ho o t h e r s  ( P l a t o  and Eudoxus) w i l l  also be subrnj-tted 

f o r  p u b l i c a t i o n  w i t h i n  FY 1968. Mapping of  a quadrangle  i n  t h e  

O r i e n t a l e  r e e i o n  (Grimaldi)  w i l l  a l s o  be  completed i n  F Y  1968. 

Other bas ins  a l s o  are now b e t t e r  understood,  a l though they 

are a l l  o l d e r  than 1mbrj.w and O r i e n t a l e ,  and d i a g n o s t i c  s u r f a c e  

t e x t u r e s  are accord ingly  less d i s c e r n i b l e .  However, f o u r  r a i s e d  

s t r u c t u r e s  comparable t o  those surrounding O r i e n t a l e  and Imbrium 

can be  recognized around the  C r i s i u m  and Nectaris b a s i n s  (Ref. l), 
and progress  has been made i n  matching s u r f a c e  textures w i t h  

those  of  t h e  younger bas ins .  For example, rugged t e r r a i n  around 

Crisium p rev ious ly  thought t o  be p a r t  of the  e j e c t a  of t h e  crater 

Cleomedes is now thought comparable t o  t h e  gged t e r r a i n  be tween 

t h e  t h i r d  and f o u r t h  s t r u c t u r a l  r i n g s  of 0 ta le  and Imbrium 

because the  C r i s i u m  material also occurs  between t h e  t h i r d  and 

f o u r t h  r ings .  L i t t l e  Crisium material comparable t o  the  F r a  

Mauro and C o r d i l l e r a  Formations o u t s i d e  the  f o u r t h  r i n g  has been 

recognized,  and the  reason is  now be l i eved  t o  be s u s c e p t i b i l i t y  

of t h e  d i s t i n c t i v e  f i n e  t e x t u r e  of the  material t o  e ros ion .  Many 

deep r a d i a l  s t r u c t u r e s  occur  he re  t h a t  are very similar t o  those  

of Or i en ta l e .  Another example of a u n i t  now b e t t e r  understood is  
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t h e  Secch i  Formation southwest o f  Ta run t ius ,  whose rough s u r f a c e  

t e x t u r e  sugges ted b a s i n  impact ejecta b u t  wh 

argued a g a i n s t  t h i s  i n t e r p r e t a t i o n .  It QCCU 

Fecund i t a t  is b a s i n ,  which emed excluded as 

of i ts  g r e a t  age,  and i s  s p o r a d i c a l l y  d i s t r i b u t e d  re la t ive t o  

t h e  Nectaris b a s i n ,  otherwise a more l i k e l y  source.  Now i t  is 

seen t h a t  t he  Secchi  i s  d i s t r i b u t e d  re la t ive t o  Nectaris e x a c t l y  

ale--in a low r 

a c o n t i n u a t i o n  of t he  A l t a i  Scarp n o r t h e a s t  of t he  basin) .  Maps 

soon t o  be publ ished t h a t  w i l l  b e n e f i t  from t h i s  improved under- 

s t a n d i n g  of Crisium and Nectaris are Cbeomedes, Macrobius, Ta r -  

u n t i u s ,  and Colombo. 

Considerable  p rogres s  w a s  made i n  geo log ic  mapping of t h e  

sou the rn  luna r  highlands.  F i r s t  v e r s i o n s  of p re l imina ry  maps 

f o r  t h r e e  quadrangles (Hornrnel , Clav ius  S c h i l l e r )  were n e a r l y  

comnleted i n  t h e  vea r  and t h roe  o t h e r s  (Tvcho. Wilhelm. SchickardS 

were worked on. S t r a t i g r a p h i c  u n i t s  can be c o r r e l a t e d  between 

quadrangles  , and a n  i n t e g r a t e d  geo log ic  h i s t o r y  f o r  t h e  region 

can be developed. There are two broad classes of r o c k - s t r a t i -  

g raph ic  u n i t s :  1) crater materials. and 2) plains-forming u n i t s .  

Craters are being mapped according t o  a c l a s s i f i c a t i o n  r e c e n t l y  

developed e s p e c i a l l y  f o r  u s e  i n  t h e  h igh lands ,  a c l a s s i f i c a t i o n  

which employs both morphology and crater s i z e  as v a r i a b l e s  (and 

is  similar i n  concept t o  t h e  c l a s s i f i c a t i o n  used i n  mapping 

Apollo s i tes ;  see s ming u n i t s  form l e v e l  

areas both i n s i d e  and o u t s i d e  craters. V a r i a t i o n s  i n  s u r f a c e  

t e x t u r e  s i g n i f y  a t  least t h r e e  pe r iods  of emplacement. There is 

a g e n e r a l  dec rease  i n  areal e x t e n t  of p l a i n s  u n i t s  from west t o  

east, p o s s i b l y  an  i n d i c a t i o n  of v o l c a n i c  f l o o d i n g  t r a n s g r e s s i v e  

from w e s t  t o  east. 

very th i ck - -a re  superposed on o l d e r  s cu lp tu red  and s t r u c t u r e d  

terrae. 
of c r a t e r i n g ,  e jecta  b l anke t ing ,  s t r u c t u r a l  d i s t u r b a n c e ,  volcanism, 

and mass wasting. 

Plains-forming units--some of them appa ren t ly  

These o l d  s u r f a c e s  are formed by a complex i n t e r a c t i o n  
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Geologic mapping of t h e  type be ing  developed w i t h i n  t h e  

s o u t h e r n  highlands w i l l  probably apply a l s o  t o  s i m i l a r l y  rugged 

h igh lands  which occupy most of t he  f a r  s i d e  of t he  Moon. 

11. Compilations a t  a scale of 1:5,000,000 

A geo log ic  map o f  t h e  e q u a t o r i a l  b e l t - - 1 a t s  32" N. -32" S. , 
longs 70" E.-70" W.--at a scale of 1:5,000,000 is  being prepared 

f o r  p u b l i c a t i o n  by Don E. Wilhelms and John F. McCauley. This  

map w i l l  supersede a p re l imina ry  one compiled i n  J u l y  1965 by 

Wilhelms, N. J. Trask,  and J. A. Kei th  (Ref. 2) .  The new map 

w i l l  have the  same areal coverage and about  t h e  same d e n s i t y  o f  

l i n e s  as the o ld  one b u t  w i l l  embody improved i n t e r p r e t a t i o n s  

of t h e  las t  2 y e a r s ,  p a r t i c u l a r l y  i n  terra and mare-basin geology. 

Like i t s  p re l imina ry  p redecesso r ,  t he  map w i l l  have as base  t h e  

ACIC o r thograph ic  LEM-1 photographic mosaic. 

mappers should be f i n i s h e d  i n  February 1968. F u r t h e r  compila- 

t i o n s  of t h i s  type,  on d i f f e r e n t  bases ,  are planned as more area 

The work o f  t h e  

2 -  --.---a --a -.-e^ -^--* L - L 2 - - . -  : _------ -- el-, --.a- -- ---ll 
A" 'L'ury-u UIlY A.L'L\-&y&L&LUb*"I'U * . ,y&""G,  "'I C1IG LUL " IUL a u  W L I &  

as t h e  nea r  s i d e .  

111. Apollo s i t e  mapping 

Geologic mapping of p r i m e  Apollo si tes from Lunar O r b i t e r  

photographs began du r ing  FY 1967 and is  c u r r e n t l y  being i n t e n -  

s i v e l y  pursued ( t a b l e  4 ) .  The e n t i r e  medium-re6olution O r b i t e r  

coverage of e i g h t  Apollo s i tes  i s  being mapped a t  a scale of 

1:100,000 and one e l l i p s e  ( p l u s  i t s  surroundings)  i n  t h e  high- 

r e s o l u t i o n  coverage of each of t h e  e i g h t  i s  be ing  mapped a t  a 

scale of 1:25,000 ( f i g .  2) .  

a t  least two v e r s i o n s  and will be improved a d d i t i o n a l l y  be fo re  

pub l i ca t ion .  Mapping from medium-resolution photographs began 

wi th  t h e  s c r e e n i n g  r e p o r t  f o r  each mission (Refs. 3 - 6 ;  see a l s o  

P a r t  D); a d d i t i o n a l  s i tes  subsequent ly  r e j e c t e d  f o r  an  Apollo 

mis s ion  were a l s o  mapped then,  as w a s  a n i n t h  s i t e  ( A - 1  o r  111 

P-2 o r  V-8) t h a t  w i l l  probably become a prime s i t e  and w i l l  

t h e r e f o r e  be worked upon a d d i t i o n a l l y .  

Each map has a l r e a d y  passed through 

Revis ions of t h e s e  
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Table 4. --Apollo s i t e  maps i n  p repa ra t ion .  Second p r e l i m i n a r y  

v e r s i o n  is a reviewed, s t a n d a r d i z e d ,  and d r a f t e d  r e v i s i o n  of 

a n  unreviewed earlier a u t h o r ' s  copy a l r e a d y  t r a n s m i t t e d  t o  t h e  

Manned Spacec ra f t  Center ( b e f o r e  15 November 1967). S e m i f i n a l  

v e r s i o n  is  r e f i n e d  over  t h e  second p re l imina ry  and i s  t h e  

v e r s i o n  f o r  Apollo mission o p e r a t i o n s  and i n  most cases f o r  

submission f o r  p u b l i c a t i o n ;  p u b l i c a t i o n  should fo l low com- 

p l e t i o n  d a t e s  i n  8 t o  10 months 

B!? 

I1 P-2 

I1 P-6 

I1 P-8 

I1 P-11 

I1 P-13 

** -  D 0 

I11 P-11 

111 P-12 

T T r  

I1 P-2 

11 P-6 

I1 P-8 

I1 P-I1 

I1 P-13 

I11 P-9 

I11 P-11 

111 P-12 

Author 

Carr 

Grol ie r  

Rowan 

Wilshire 

Ti r ley  

n..L... 
~ -.... 

Cummings 

Off i e  Id 

Wilhclms 

Grol ier  , 

Tresk 

Tresk 

t i t l e y  

Saunders 

Cannon 

Harbour 

Percent completion 

Controlled base 
Second prc liminary rcproduciblcs 

Oct. 1 Dec. reccived 
Scale  

100 

80 

100 

70 

100 

!ne 

15 

100 

20 

LO 

80 

30 

20 

75 

5 

20 

1:100,000 

100 X 

100 X 

100 X 

100 X 

100 X 

1 nn 

100 

100 

Scale  
1:25,000 

100 

100 

100 

100 

100 

100 

loo 

100 

Semifinal  
Semifinal estimated 
as of Dec. completion 

X 

20 

3,' 63 

4/68 

3/68 

51 68 

4/68 

I l h R  

51 60 

4/68 

3/68 

6/ 68 

3/68 

3/68 

41 68 

2/68 

3/68 

3/68 
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Figure  Z.--hpollo si tes  being mapped g e o l o g i c a l l y  from O r b i t e r  

photographs.  
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s c r e e n i n g  maps on u n c o n t r o l l e d  base  mosaics a t  approximately t h e  

L:lOO,OOO scale have been forwarded t o  t h e  Manned S p a c e c r a f t  

Cen te r ,  as have f i r s t  p r e l i m i n a r y  v e r s i o n s  o f  t h e  1:25,000 el-  

l i p s e  maps ( t a b l e  4) .  

mos t ly  on c o n t r o l l e d  mosaics and b e t t e r  s t a n d a r d i z e d  w i t h  one 

a n o t h e r ,  are be ing  t r a n s m i t t e d  as t h i s  r e p o r t  i s  be ing  written., 

and r e v i s i o n s  of t h e  1:25,000 maps w i l l  f o l low soon. 

F u r t h e r  r e v i s i o n s  of t h e  1:100,000 maps, 

A d d i t i o n a l  

v i s i o n s  a t  bo scales w i l l  f o l l o w  as t h e  si tes are s t u d i e d  

r t h e r  and tho  ughly compared and s t anda rd ized .  They w i l l  be 

pub l i shed  when t h i s  p rocess  i s  complete. 

Mapping a t  t h e  1:5,000 scale of f o u r  si tes (I1 P-6, I1 P-8, 

I1 P-13, I1 P-11) w i l l  b e g i n  soon. 

Because c r a t e r s  are t h e  most abundant,  conspicuous and 

r e a d i l y  mappable topographic  f e a t u r e s  on large-scale Lunar 

Orbiter photographs,  c o n s i d e r a b l e  e f f o r t  has gone i n t o  d e v i s i n g  

a system f o r  t he  geo log ic  mapping of c r a t e r  materials. 

pho log ic  range from s h a r p l y  s c u l p t u r e d ,  blocky high-rim craters 

A mor- 

LG geiiC'LG d e p ~ = ~ ~ 2 ~ i t ~  ~ ~ i i u t i i i i i  CG z:: iuiip GYEZS. 'Ei; < G i i C L i u w u  

of crater types sugges t s  t h a t ,  w i t h  t ime , f r e sh  craters are de- 

graded t o  g e n t l e  depressions.  A working assumption f o r  geo log ic  

mapping is t h a t  all c i r c u l a r  craters were o r i g i n a l l y  f r e s h  appear- 

i n g  and have undergone degrada t ion  i n  va ry ing  degree. 

a model, small  craters would be degraded faster than l a r g e  ones,  

SO t h a t  a r e l a t i v e l y  small subdued crater might be t h e  same age 

as a l a r g e r  sha rpe r -appea r ing  one. The r e l a t i o n  between t h e  

s ize ,  morphology, and age of craters is  shown i n  f i g u r e  3. The 

crater c l a s s i f i c a t i o n  scheme is  i n  p a r t  a r b i t r a r y  and i n  p a r t  

based on what appear  t o  be r easonab le  estimates of t h e  re la t ive 

rates of crater degrada t ion  t h a t  are c o n s i s t e n t  w i th  t h e  t i m e  

scale used earlier i n  1: 1,000,000 mapping. Where s u p e r p o s i t i o n  

r e l a t i o n s  are clear,  higher-number craters are superposed on 

lower-number craters i n  v i r t u a l l y  every case encountered i n  t h e  

large-scale mapping s o  far. E f f o r t s  t o  make t h e  system more 

o b j e c t i v e  are underway. The p r i n c i p l e  u n c e r t a i n t i e s  l i e  i n  t h e  

I n  such 
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re la t ive  ages a s s igned  t o  t h e  o l d e s t  craters. Craters t h a t  came 

i n t o  be ing  a t  t h e  same t i m e  b u t  w i t h  d i f f e r i n g  depth-diameter 

r a t i o s  would, af ter  c o n s i d e r a b l e  deg rada t ion ,  appear  t o  be of 

d i f f e r e n t  ages acco rd ing  t o  f i g u r e  3. Also t h e  rate of degrada- 

t i o n  may be h i g h e r  on luna r  s l o p e s  than on level ground, s o  t h a t  

craters of t h e  same s i z e  and morphology i n  t h e s e  two environments 

might n o t  a c t u a l l y  be of t h e  same age. 

c l a s s i f y i n g  c r a t e r s  according t o  t h e i r  geo log ic  age l ies i n  plan- 

n i n g  geochemical sampling i n  a l o c a l  area. 

b locks  from craters wi th  a wide var , ie ty  of ages  w i l l  provide 

material t h a t  has been exposed t o  r a d i a t i o n  from space f o r  vary- 

i ng  l eng ths  of t i m e .  

t i o n  on the  e f f e c t s  of r a d i a t i o n  wi th  t i m e  and p o s s i b l y  on the  

h i s t o r y  of t h e  r a d i a t i o n  i t se l f .  Evidence b e a r i n g  on t h e  o r i g i n  

of craters, such as shock phases ,  i s  most l i k e l y  t o  be found in  

t h e  youngest craters b u t  may be missing i n  degraded craters. 

The c h i e f  u t i l i t y  o f  

Samples of e j e c t e d  

Such a s u i t e  o'f samples w i l l  y i e l d  informa- . 

The d i s t r i b u t i o n s  of craters of v a r i o u s  ages may a l s o  g i v e  

inrurmacion un ~ I i e  ages uLC L i i e  ~urLcaces UII w i i i c i i  i i i ey  U G C U L .  

Craters des igna ted  1 and 2 are cons ide rab ly  l a r g e r  on s i tes  i n  

Mare T r a n q u i l l i t a t i s ,  Sinus Medii  and e a s t e r n  Oceanus Procel larum 

than  on s i tes  i n  wes te rn  Oceanus Procellarum. Much of t h e  mare 

material i n  wes te rn  Oceanus Procel larum is' t h e r e f o r e  younger 

than  t h e  mare material t o  t h e  east. This  conc lus ion  i s  c o n s i s -  

t e n t  w i th  crater  s ta t is t ics  developed ove r  very large areas by 

Gaul t  and o t h e r s  ( p e r s o n a l  communication) and w i t h  the  fact  t h a t  

\ 

s o l i d  rock appears  t o  b e  n e a r e r  t h e  s u r f a c e  i n  western Oceanus 

Procel larum than  elsewhere as i n d i c a t e d  by the abundance of re- 

s o l v a b l e  blocks around c r a t e r s  as s m a l l  as 30 m i n  diameter .  

Small  r e l a t i v e l y  f r e sh -appea r ing  domes are a l s o  conspicuous i n  

t h e  mare material of wes te rn  Oceanus Procel larum b u t  a p p a r e n t l y  

are missing t o  the  east. The younger mare material i n  western 

Oceanus P roce l l a rum may b e  d i f f e r e n t  chemical ly  and mineralogi-  

c a l l y  from t h e  o l d e r  mare material t o  t h e  east. E a r l y  Apollo 

missions should be planned so  t h a t  both of t h e s e  two c o n t r a s t i n g  
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areas of mare material c a n  be v i s i t e d .  

P rogres s  has  a l s o  been made i n  mapping mare s u b u n i t s  i n  

Apollo sites. S t e r e o s c o p i c  examination of l a r g e - s c a l e  O r b i t e r  

photographs has  r evea led  t h e  presence of many i l l - d e f i n e d ,  d i s -  

cont inuous s inuous s c a r p s  which may be t h e  remnants of f l ow f r o n t s  

l i k e  those  photographed i n  Mare Imbrium a t  O r b i t e r  s i t e  V-38. 

Chemical and p h y s i c a l  d i f f e r e n c e s  among t h e  mare materials may b e  

p r e s e n t  a c r o s s  t h e s e  sca rps .  Many low h i t h e r t o  unrecognized 

r i d g e s  have a l s o  been mapped. 

o l d e r ,  more c r a t e r e d  and worn-down e q u i v a l e n t s  of t h e  h i g h e r ,  

b e t t e r - d e f  ined mare r idges .  They sugges t  t h a t  mare r i d g e  develop- 

ment, l i k e  crater development, may have cont inued over a n  extend- 

ed p e r i o d  of t i m e .  Around some mare r i d g e s ,  t h e r e  is a sugges t ion  

t h a t  t h e  r i d g e s  may have been t h e  s i t e  of e x t r u s i o n  of some of 

These low r i d g e s  appear t o  be t h e  

’ 

t h e  mare material. 

arum, approximately 40 l o w  c i r c u l a r  domes, 100-300 m i n  d i ame te r ,  

have been recognized. These f e a t u r e s  a l s o  appear  t o  b e  r e l a t e d  

i n  some way t o  the  e x t r u s i o n  o r  cne mare maceriai .  

O r b i t e r  photographs bo th  of Apollo and non-Apollo s i tes  

I n  t h e  young mare material of Oceanus P r o c e l l -  

were examined f o r  e e a t u r e s  which might b e  u s e f u l  i n  determining 

t h e  eng inee r ing  p r o p e r t i e s  of t h e  luna r  s u r f a c e  materials o r  t o  

e x t r a p o l a t e  p r o p e r t i e s  beyond t h e  Surveyor sites. Fea tu res  sought 

included: (1) Block t r a c k s  and t h e i r  a s s o c i a t e d  b locks ,  (2)  c r a t e r s  

and a s s o c i a t e d  secondary craters, ( 3 )  f r e s h  craters w i t h  o r  wi thou t  

blocky e jecta ,  ( 4 )  small c r a t e r s  showing evidence of s l o p e  f a i l u r e ,  

and (5) v a r i a t i o n s  i n  c er shapes.  Some 290 b lock  t r a c k s  were 

found ( G r o l i e r ,  Moore, and Mar t in ,  - i n  Ref. 6).  
because t h e  t r a c k s  and t h e i r  a s s o c i a t e d  blocks might b e  used f o r  

These were sought 

bo th  s ta t ic  (Refs.  7 ;  4 ,  p. 107) and dynamic ana lyses  of s o i l  

p r o p e r t i e s .  P re l imina ry  s ta t ic  ana lyses  of t h r e e  blocks a t  t h e  

end of t r a c k s  shown i n  photographs of Apollo s i t e  A - 1  (V-5)  y i e l d e d  

mass bea r ing  c a p a c i t i e s  between lo3 and 10 

of one t o  several meters r a d i u s  and a t  dep ths  n e a r  0.5 t o  1.0 m. 

Bloc!c d e n s i t i e s  were taken as 2.7 g p e r  c m  , 

4 g p e r  cm2 on f o o t i n g s  

3 Nearly 30 luna r  
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craters were found wi th  secondary i m p a c t  craters and blocks 

t h a t  could be a s s o c i a t e d  with t h e i r  corresponding secondary impac t  

craters (Moore and Lawry, - i n  Ref. 6). These secondary craters and 

t h e i r  blocks w i l l  be s t u d i e d  f u r t h e r  t o  t r y  t o  assess eng inee r ing  

p r o p e r t i e s  a long  l i n e s  p rev ious ly  suggested (Moore, 2 Ref .  5 ,  

p. 108-120; Moore, - i n  Ref. 4 ,  p. 106). 

S t u d i e s  of ejecta showed t h a t  t h e  p e r i p h e r a l  margins of some 

luna r  craters were extremely rough and blocky and comparable t o  

those around experimental  craters produced by exp los ives  a t  t h e  

Nevada Test S i t e  (Robertson, - i n  Ref. 5 ,  p. 122-124). Slope f a i l -  

u r e s  were found on many small craters wi th  s l o p e s  ranging from 20" 

t o  45". The s l o p e  f a i l u r e s  are c u r r e n t l y  be ing  s tud ied .  Varia- 

t i o n s  i n  crater o u t l i n e s  and p r o f i l e s  may r e s u l t  p a r t l y  from 

layers with d i f f e r i n g  p r o p e r t i e s  (Refs. 8; 9 ;  Moore, - i n  Ref. 4 ,  

p. 108; Eggleton, _. i n  Ref. 4 ,  p. 111), b u t  estimates of t h e  th i ck -  

nes s  of t h e  luna r  s o i l  l a y e r  made from such v a r i a t i o n s  i n  crater  

morDho l o r y  were amb inuous (S  t u a r  t-Alexander and Moore, in Ref. 6; 

Harbour, Ref. 10). 

IV .  Ranger geo log ic  mapping 

Work on geo log ic  mapping from Ranger photographs w a s  slowed 

dur ing  the  p a s t  y e a r  by the precedence g iven  t o  Lunar O r b i t e r  

s c reen ing  ope ra t ions  and the i n i t i a l  phases of Apollo s i t e  mapping. 

Although n o t  a l l  maps of t he  Ranger series have been completed, t h e  

preI iminary work done on a l l  of them provided a sound base  from 

which t o  begin both of t hese  la ter  a c t i v i t i e s .  

A pre l imina ry  1:50,000-scale geologic  map of p a r t  of t h e  f l o o r  

of Alphonsus (RLC 15) was completed by J. F. PXcCauley (Ref. 11). 

The map shows t h e  d i s t r i b u t i o n  p a t t e r n s  of fou r  f loor-f  i l l i n g  u n i t s  

of d i f f e r i n g  ages and craters w i t h  t h r e e  d i s t i n c t  types of e x t e r i o r  

r i m  morphologies. 

g r e a t e r  than 300 m i n  diameter  w a s  e s t ima ted  by cons ide r ing  the  

percentage of the  f l o o r  appearing i n  shadow on the  photographs 

used. Impact and vo lcan ic  craters are bo th  present .  

The degree of deg rada t ion  of a l l  craters 
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A p re l imina ry  map of a p o r t i o n  of Mare Cognitum a t  a scale of 

1:100,000 by S. R. T i t l e y  demonstrates t he  i n t e n s i t y  of modifica- 

t i o n  of t h e  mare s u r f a c e  by a Tycho ray,  

of grooves,  e longated craters, crater c l u s t e r s ,  and cha ins  of 

craters connected by grooves. The e l o n g a t e  Eeatures  are o r i e n t e d  

n o r t h  t o  north-northwest  approximately r a d i a l  t o  Tycho. S i m i l a r  

i n t e n s e  mod i f i ca t ion  of t h e  mare material by Tycho r ays  i n  o t h e r  

areas is  c l e a r l y  v i s i b l e  i n  Lunar O r b i t e r  photographs. 

The mod i f i ca t ion  c o n s i s t s  

A c loseup view of t h e  Ranger VI11 impact area is provided 

by a p re l imina ry  1:5,000 s c a l e  map (RLC 11) by P. J. Cannon. This 

i s  one o f  t h e  f i r s t  maps macle a t  t h i s  l a r g e  scale and may w e l l  

s e r v e  as a p ro to type  f o r  l a r g e - s c a l e  maps o f  p o t e n t i a l  Apollo 

landing sites t o  be used on board the  s p a c e c r a f t  and i n  t h e  mission 

c o n t r o l  c e n t e r .  Craters are c l a s s e d  i n t o  f i v e  c a t e g o r i e s  on the 

b a s i s  of morphology, and s e v e r a l  morphologic u n i t s  w i t h i n  t h e  mare 

material are recognized. 

A map of a p o r t i o n  of Mare T r a n q u i l l i t a t i s  (RLC 9) a t  a scale . 7 . . . *  L . % T  T m 1- or' i:5G,fGG w a s  cui i ipie~eci  i i i  L i i k a l  T U L U ~  a L r u  b u u I l ~ ~ ~ L c U  u y  Ax. d. I L a a h  

f o r  t e c h n i c a l  review. Progress  on a l l  the Ranger maps i s  shown 

i n  t a b l e  5. 

Table 5. --Maps of Ranger si tes i n  p repa ra t ion .  Pe rcen t  completion 
and e s t ima ted  completion of f i n a l  refers t o  a u t h o r ' s  work; 
review, d r a f t i n g ,  and p r i n t i n g  r e q u i r e  8 t o  10 a d d i t i o n a l  
months 

Pe rcen t  comp l e t i o n  

P re l imina ry  F i n a l  Estimated 
Map S c a l e  Author O c t .  1 Dec. (Dec.) completion 

RLC 2 
RLC 3 
RLC 4 
R L c 7  

RLC 9 
RLC 11 
RLC ' 14 
lUC 15 
RLC 1 6  

1: 500 , 000 
1: 100,000 
1: 10,000 
1:250,000 

1:50,000 
1:5,000 
1 : 250,000 
1:50,000 
1: 10,000 

Egg le ton  
T i t l e y  
T i t l e y  
Wi l sh i r e  
(p re l im .  
Trask 
Cannon 
Carr 
McCau l e y  
Gro 1 ie r  

80 80 
50 90 
50 50 

100 100 

100 100 
50 100 

100 100 
100 100 
50 50 

only) 

4/  68 
2/ 68 
4/  68 

? 

100 12/ 67 
I/ 68 

100 12/ 67 
100 12/ 67 

4/  68 
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A t o p i c a l  s tudy  by Trask ( R e f .  12) on t h e  d i s t r i b u t i o n  of 

craters accord ing  t o  morphology and s i z e  based on Ranger VI11 and 

IX photographs wa.s publ ished.  
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P a r t  B. CRATER INVESTIGATIONS 

F i e l d  i n v e s t i g a t i o n s  are being concluded a t  two impac t  

s t r u c t u r e s ,  Flynn Creek, Tennessee, and S i e r r a  Madera, Texas. 

Fieldwork h i s  begun a t  a t h i r d ,  Gosses B l u f f ,  Northern T e r r i t o r y ,  

A u s t r a l i a ,  which i s  l a r g e r  and i s  i n  a c l a s t i c  r a t h e r  than a 

carbonate  sequence. I n v e s t i g a t i o n  of impact metamorphism is  

con t inu ing ,  with emphasis on material from the  R i e s  crater ,  Germany, 

and the Bosumtwi c r a t e r ,  Ghana. 

Primary o b j e c t i v e s  i n  the s t u d i e s  of v o l c a n i c  rocks inc lude  

q u a n t i t a t i v e  measurement of volcano and l a v a  flow morphology f o r  

comparison wi th  luna r  analogs;  i d e n t i f i c a t i o n ,  by morphologic 

c h a r a c t e r i s t i c s ,  of vo lcan ic  rocks t h a t  c o n t a i n  rock fragments 

of deep-seated o r i g i n ;  and de te rmina t ton  of t h e  e f f e c t  of p r i n c i p a l  

c o n t r o l s  such as  depth of e r u p t i o n ,  magma composition, and tec- 

t o n i c  s t r u c t u r e s  on d i f f e r e n c e s  i n  s u r f a c e  forms of vo lcan ic  rocks. 

Mapping of c r a t e r s  produced by missile impacts  has continued 

and i n  addition several craLexs W ~ L I = .  i L e u L L C 2  zzi2 z t z 2 k 2 ,  z~. - - . r? l_  

geophysical  s t u d i e s  were conducted, and remote-sensing imagery w a s  

obtained f o r  e i g h t  craters. 

Experimental  i m p a c t  i n v e s t i g a t i o n s  a p p l i e d  experimental  d a t a  

on c r a t e r i n g  t o  s e l e c t e d  lunar  problems, supported by hmes Research 

Center ,  and conducted s t u d i e s  of low-veloci ty  impac t  p e n e t r a t i o n  i n  

sand. 

Flynn Creek Crater 

Core d r i l l i n g  comprised the f i n a l  phase of 1). J. Roddy's 

f ie ldwork a t  t he  Flynn Creek c r a t e r ,  Tennessee. Su r fzce  geologic  

mapping combined wi th  the d r i l l i n g  i n d i c a t e s  t h a t  the Flynn Creek 

crater con ta ins  a ve ry  shal low,  bowl-shaped l e n s  of b r e c c i a  under- 

l a i n  by f a u l t e d  and fo lded  l imestone. S i x  NX (5 .4  c m  diameter)  

c o r e s  were d ' r i l l e d  a long  an east-west l i n e  w i t h i n  the c r a t e r  t o  

depths  from 84 t o  180 m. Two ho le s  were d r i l l e d  on each s i d e  of 

the c e n t r a l  u p l i f t ,  two holes  halfway between t h e  c e n t r a l  u p l i f t  

and t h e  crater wa l l s ,  and two ho le s  immediately i n s i d e  the  c r a t e r  
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w a l l s .  The d r i l l  c o r e s  c o n t a i n  a sequence o f  bedded dolomite  1 t o  

2 m t h i c k  which i s  unde r l a in  by a graded, bedded do lomi t i c  b r e c c i a  

as much as 15 m thick.  No lake beds o r  f a l l b a c k  de  

i d e n t i f i e d  i n  any of t h e  cores .  The bedded dolomit 

u n d e r l a i n  by a c o a r s e ,  c h a o t i c  b r e c c i a  wi th  fragments de r ived  

from the  l o c a l  s t ra ta ;  the  s i z e  of t h e s e  fragments i n c r e a s e s  nea r  

t he  base of the c h a o t i c  b recc ia .  The Hermitage Formation, a 20-m- 

nterbedded l imestone,  i s  t h e  lowest u n i t  com- 

. Extremely incompetent and p l a s t i c ,  i t  forms 

t h e  ma t r ix  f o r  much of t h e  c h a o t i c  b recc ia .  The th i ckness  of the 

c h a o t i c  b r e c c i a  l e n s  averages about  35 m. N o  m i n e r a l i z a t i o n  o r  

v o l c a n i c  o r  m e t e o r i t i c  materials w e r e  observed i n  t h e  s i x  co res .  

Limestones d i r e c t l y  below the  base of t he  b r e c c i a  l e n s  are 

h i g h l y  f a u l t e d  and fo lded ,  b u t  t h e  deformation dec reases  downward 

and the rocks are n e a r l y  f l a t  l y i n g  and r e l a t i v e l y  undisturbed 

below about 100 m beneath t h e  b r e c c i a  lens .  The s t r a t i g r a p h i c  

s e r t i n n  i s  reDeated between f a u l t s  i n  s e v e r a l  of t h e  c o r e s ,  and 

both normal and r e v e r s e  f a u l t s  occur. Folding immediately below 

the  base of t h e  b r e c c i a  l e n s  extends 30 t o  40 m deeper  on t h e  

e a s t e r n  s i d e  of t h e  c r a t e r  than on the  western wide. A c i r c u l a r  

high o r  a n t i c l i n e  may be p r e s e n t  about halfway between t h e  c e n t e r  

of t he  c r a t e r  and the  c r a t e r  w a l l s .  

The absence of l a k e  d e p o s i t s  and a f a l l b a c k  zone and t h e  

occurrence of the bedded d o l o m i t i c  b r e c c i a  con ta in ing  marine cono- 

donts  suggest  t h a t  t he  shal low waters of t he  i n i t i a l  Chattanooga 

Sea occupied the  area when the ra ter  formed, probably i n  e a r l y  

la te  Devonian time. The co re  d r i l l  evidence of a shal low lower 

boundary of t he  c h a o t i c  b r e c c i a  l e n s  and t h e  dec rease  i n  deforma- 

t i o n  i n  t h e  rocks below the b r e c c i a  l e n s  i n d i c a t e  an  o r i g i n  

invo lv ing  s u r f a c e  deformation (i. e. , an  impact ) .  The asymmetry 

i n  s u r f a c e  and subsurface deformation sugges t s  t h a t  t he  impacting 

body t r a v e l e d  from the  s o u t h e a s t  t o  the  northwest.  

b r e c c i a  l e n s ,  t he  absence of m i n e r a l i z a t i o n  and vo lcan ic  o r  m e t e o r i t i c  

materials, t h e  types of r i m  deformation, and t h e  c e n t r a l  u p l i f t  

The ve ry  shal low 
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are c o n s i s t e n t  w i th  the impac t  of a low-density body, p o s s i b l y  a 

comet. The s t r u c t u r a l  information from s u r f a c e  mapping, combined 

wi th  the  c o r e - d r i l l  d a t a ,  s t r o n g l y  sugges t s  t h a t  t he  Flynn Creek 

crater w a s  produced by the  impact  of a cometary body. 

S i e r r a  Madera S t r u c t u r e  

Mapping of t he  S i e r r a  Madera s t r u c t u r e  i n  w e s t  Texas w a s  

completed by T. W. O f f i e l d ,  David Cummings, K. A. Howard and 

H. G. Wilshire .  The s t r u c t u r e  c o n s i s t s  of a c e n t r a l  co re  of 

u p l i f t e d  Permian and Cretaceous carbonate  rocks about 3 miles i n  

d i ame te r ,  a surrounding s y n c l i n a l  dep res s ion  1/2 t o  2 miles wide, 

and an o u t e r  r i m  of mainly Cretaceous rocks t h a t  are l o c a l l y  

folded and e x t e n s i v e l y  c u t  by concen t r i c  normal f a u l t s .  

Cretaceous rocks i n  the  r i n g  s y n c l i n e  are depressed s l i g h t l y  

below r e g i o n a l  p o s i t i o n ,  b u t  t h e r e  i s  more than 600 f e e t  of 

s t r u c t u r a l  r e l i e f  between the  r i n g  sync l ine  and Cretaceous rocks 

of t h e  o u t e r ,  s t r u c t u r a l l y  high zone. The zone beyond the  r i n g  

c e n t e r ;  pods  and d i k e s  of Cretaceous sandstone and shat ter-coned 

Permian dolomite were i n j e c t e d  up along some of the f a u l t s  and 

o t h e r  concen t r i c  f r a c t u r e s .  

Permian rocks of t he  c e n t r a l  u p l i f t  are e x t e n s i v e l y  s h a t t e r e d  

and b r e c c i a t e d ,  g e n e r a l l y  without  a s s o c i a t e d  f a u l t i n g  o r  mixing 

of a d j a c e n t  beds. The l a r g e r  rock fragments i n  these  monomict 

b r e c c i a s  are themselves s h a t t e r e d ,  and the  f r a c t u r e s  are f i l l e d  

wi th  r e c r y s t a l l i z e d  mylonite. A mixed b r e c c i a ,  composed of rock 

fragments de r ived  from s e v e r a l  formations,  occurs  i n  i s o l a t e d  

patches t h a t  appa ren t ly  l i e  unconformably on the underlying rocks,  

and l o c a l l y  i n  d i k e - l i k e  bodies  t h a t  e i t h e r  c r o s s c u t  o r  conform t o  

t h e  a d j a c e n t  s t r u c t u r e .  The mixed b r e c c i a  includes ind iv idua l  

fragments of monomict b r e c c i a  and broken s h a t t e r  cones. 

S h a t t e r  cones occur  i n  a l l  Permian u n i t s  i n  the  c e n t r a l  u p l i f t  

and p r e d a t e  fo ld ing .  When sha t t e r - coned  beds are r e s t o r e d  t o  h o r i -  

z o n t a l ,  t he  cones p o i n t  g e n e r a l l y  inward and upward toward a 

c e n t r a l  focus,  
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Quartz  and carbonate  minera ls  from bo th  b recc ia t ed  and unbrec- 

c i a t e d  rocks i n  the  c o r e  of  t h e  s t r u c t u r e  have mul t ip l e  sets of 

p l a n a r  f e a t u r e s ,  and the  r e f r a c t i v e  index of q u a r t z  is  appa ren t ly  

s i g n i f i c a n t l y  lower than normal. Such deformat iona l  f e a t u r e s  are 

omnipresent i n  the mixed brecc ia .  

The o l d e s t  exposed beds i n  the  co re  were u p l i f t e d  approxi-  

mately 4,000 f e e t  above t h e i r  normal pos i t i on .  The c e n t e r  i s  

cha rac t e r i zed  by s t e e p  t o  inve r t ed  beds,  and s t e e p  f o l d s  whose 

plunges diminish outward. The f o l d s  are c u t  by numerous, g e n e r a l l y  

s t e e p  f a u l t s .  Details  of t he  s t y l e  of s t r u c t u r a l  deformation i n  

t h e  c e n t r a l  u p l i f t  i n d i c a t e  t h a t  t h e  rocks moved inward as w e l l  as 

upward t o  arrive a t  t h e i r  p r e s e n t  pos i t i on .  The s t r u c t u r e  i s  not  

compatible wi th  any of t h e  most s t r o n g l y  supported terrestrial 

models t h a t  have been advanced as explana t ions  of c ryptoexplos ion  

s t r u c t u r e s ,  such as r e a c t i v a t e d  basement s t r u c t u r e ,  igneous or 

sedimentary i n t r u s i o n ,  o r  explos ion ,  bu t  i s  compatible wi th  t h e  

hvnnthpsis nf a n  irnDact o r i e i n .  

Gosses Bluff  S t r u c t u r e  

Gosses B l u f f ,  i n  the  Amadeus Basin about  120 miles west of 

A l i c e  Sp r ings ,  Northern T e r r i t o r y , A u s t r a l i a ,  i s  a c i r c u l a r  range 

about 3 miles  i n  d i a n e t e r  r i s i n g  about  800 f e e t  from the  surrounding 

p l a i n  and e n c i r c l i n g  a hollow about  1 1/2  m i l e s  i n  d iameter  t h a t  

is only  s l i g h t l y  h igher  than the  o u t s i d e  p l a in .  In t ense  d i s t u r b -  

ance of bedrock i s  exh ib i t ed  n o t  on ly  i n  the  Bluff  b u t  i n  a 

c i r c u l a r  area wi th  a diameter  of about  15 miles centered  on the  

Bluf f .  On the  b a s i s  of reconnaissance by  t h e  A u s t r a l i a n  Bureau 

of Mineral  Resources and by commercial e x p l o r a t i o n  groups,  t h e  

Gosses Bluff  s t r u c t u r e  has been v a r i o u s l y  considered t o  have 

o r i g i n a t e d  by d i a p i r i c  a c t i o n ,  by vo lcan ic  o r  c ryptovolcanic  

a c t i v i t y ,  o r  by impact. A j o i n t  p r o j e c t  of the  U.S. Geological  

Survey and the A u s t r a l i a n  Bureau of Mineral  Resources t o  c a r r y  o u t  

a complete geo log ica l  and geophys i c a l  s tudy  of t he  s t r u c t u r e  

began i n  the  1967 f i e l d  season. 
I 
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D. J. Mi l ton  and P. R. Brett of  t h e  U.S. Geological  Survey 

and G. Berryman of the  A u s t r a l i a n  Bureau o f  Mineral  Resources 

spen t  3 months in  t h e  f i e l d ;  P. J. Cook of  t h e  A u s t r a l i a n  Bureau 

of Mines spen t  2 weeks. 

t h e  Bluff  proper  and t h e  i n t e r i o r  hollow on enlargements t o  approxi-  

mately 1" = 300' of low-level  ae r ia l  photographs furn ished  by 

Exo i l  P t y . ,  Ltd.  

P r i n c i p a l  e f f o r t  was pu t  i n t o  mapping 

Th i s  mapping i s  now v i r t u a l l y  complete. 

The h igh  Bluff  i s  composed of  Mereenie Sandstone and sand- 

s tones  and s i l t s t o n e s  of t h e  lower P e r t n j a r a  Group; t h e  i n t e r i o r  

i s  u n d e r l a i n  by less-resistant sands tones ,  s h a l e s  and s i l t s t o n e s  

of the upper Larapin ta  Group. 

area are v e r t i c a l  o r  s t e e p l y  d ipp ing  bedrock p l a t e s ,  each ex tending  

on t h e  average  perhaps 500-600 f e e t  a long  s t r i k e  and wi th  upper 

and lower boundaries  commonly fo l lowing  hor izons  of incompetent 

beds. 

p l a t e s ,  b u t  major changes of a t t i t u d e  g e n e r a l l y  correspond t o  

The b a s i c  s t r u c t u r a l  u n i t s  i n  t h i s  

Some open f o l d i n g  and minor f a u l t i n g  occurs  w i t h i n  i n d i v i d u a l  

c l e a r l y  de f ined  f a u l t s  s e p a r a t i n g  p l a t e s .  Some plates  are terminated 

a long  s t r i l c e  by Eaui t s  t n a t  C U L  ~ C L U ~ S  ai Li& &iiglz, L*.- Y U b  JU'" '---+ 
as commonly the  bedding-plane f a u l t s  above o r  below g radua l ly  

curve t o  c r o s s  the  bedding a t  a s m a l l  angle .  Through-going 

r a d i a l  f a u l t s  are conspicuously absent .  

The s t r i k e s  of t he  p l a t e s  range from concen t r i c  t o  t h e  

s t r u c t u r e  t o  r a d i a l ;  t he  f a c i n g  i s  t o  t h e  ou t s ide .  Very commonly 

i n  p l an  t h e  p l a t e s  appear t o  have s l i d  p a s t  one another  on sur -  

f a c e s  n e a r l y  concen t r i c  wi th  t h e  s t r u c t u r e  so  as t o  ove r l ap  en  

eche lon  o r  to  l i e  p a r a l l e l ,  doubl ing p a r t  of the sec t ion .  I n  a t  

least  one p l ace  where s t r i k e s  are concen t r i c  w i t h  the s t r u c t u r e ,  

a pair of convergent f a u l t s  c u t t i n g  the  bedding a t  a small ang le  

have allowed the  p l a t e  between them t o  s l i d e  l a t e r a l l y  te lescope-  

f a sh ion ,  wedging the  beds a p a r t .  I n  some p laces  where plates abu t  

a long  approximately r a d i a l  f a u l t s ,  t he  s t r i k e  curves outward i n t o  

t h e , f a u l t  i n  both plates r a t h e r  than showing the  opposed d i r e c t i o n s  

o f  d rag  usua l  a long o rd ina ry  f a u l t s .  These obse rva t ions  i n d i c a t e  

t h a t  t he  p la tes  have moved inward and upward from t h e i r  o r i g i n a l  
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f l a t - l y i n g  p o s i t i o n  t o  l i e  on a shortened per imeter .  

p e t a l  movement, which seems t o  r u l e  o u t  e i t h e r  a d i a p i r i c  o r i g i n  

o r  a "cryptoexpI.osion" wi th  a focus a t  dep th ,  seems most l i k e l y  

t o  b e  the  consequences of c e n t r a l i z e d  u p l i f t  beneath the  focus of 

a sha l low explosive- type event .  I n  con junc t ion  w i t h  t h e  evidence 

of high-shock p r e s s u r e s ,  t h e  on ly  mechanism t h a t  can account  f o r  

such an event  i s  impact. 

The centri-  

r t  a consequence of 

s e longa te  p l a t e s .  

The marked asymmetries i n  t h e  s t r u c t u r a l  s t y l e  around the  B lu f f ,  

however, remain t o  be explained.  

As t he  plates  were emplaced, t h e i r  upper edges fragmented to 

Such b r e c c i a  form b r e c c i a  i n  what w a s  presumably a c r a t e r  f l o o r .  

is preserved i n  numerous patches t h a t  occupy perhaps 10 pe rcen t  of 

t he  area of t he  Bluff  proper.  P l a t e s  of the more competent beds 

( n o t a b l y  a s i l i c i f i e d  sandstone a t  the  top of t h e  Mereenie lower 
- -  - 7 - - - - - > L - 3  L - 7 - - - \  --:-&-:.--J &LA:.. ..-LA.---,.- +Z..-+l.,r\n+ 
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formed bedrock walls a g a i n s t  monomict b r e c c i a  of a d j o i n i n g  weaker 

beds. I n  many p l a c e s  these  w a l l s  toppled over outward ( o r  p o s s i b l y  

w e r e  p r o j e c t e d  w i t h  t h e i r  o r i g i n a l  momentum) t o  l i e  as l a r g e  

blocks o r  somewhat broken p l a t e s  g e n t l y  d ipp ing  f a c e  down, o r  

even v e r t i c a l  and f a c i n g  inward, on top of b r e c c i a  of s t r a t i g r a p h i c -  

a l l y  h i g h e r  beds. Many of t h e  areas of b r e c c i a  occupy v a l l e y s  

w i t h i n  the  B l u f f ,  suggest ing t h a t  t he  p r e s e n t  topography of t h e  

Bluff (presumably, bu t  n o t  n e c e s s a r i l y ,  excep t ing  t h e  c e n t r a l  

hollow) f a i r l y  c l o s e l y  r e f l e c t s  t h e  bedrock p r o f i l e  of t h e  o r i g i n a l  

c e n t r a l  u p l i f t .  

Gosses Bluff  appears  t o  be the ou t s t and ing  s t r u c t u r e  i n  t h e  

world a t  which t o  s tudy  shock-produced f r a c t u r i n g .  

obse rva t ions  were made t h i s  f i e l d  season; q u a n t i t a t i v e  measure- 

ments remain t o  be made. Complete s h a t t e r  cones are scarce, b u t  

f r a c t u r e  s u r f a c e s  wi th  the  c h a r a c t e r i s t i c  s t r i a t i o n s  of s h a t t e r  

Only q u a l i t a t i v e  

cones are commonly found i n  random hand specimens. The n a t u r e  of 

t he  s h a t t e r  f r a c t u r i n g  ( a s  i t  may be c a l l e d )  i s  c o n t r o l l e d  by t h e  
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I n  some u n i t s  s h a t t e r  f r a c t u r i n g  i s  expressed n o t  by cones b u t  by 

several sets of p l ana r  f r a c t u r e s .  The i n t e r s e c t i n g  sets c u t  t he  

rock  i n t o  rhombohedral blocks,  and i n  some u n i t s  t h e  ends of t he  

mbohedron grade from th ree - s ided  angu la r  co rne r s  i n t o  rounded 

t t e r  cones. The geometry of t h e  p l a n a r  f r a c t u r e  p a t t e r n  d i f f e r s  

markedly from t h a t  of i n t e r s e c t i n  c leavages o r  j o i n t s  i n  any 

o r d i n a r i l y  deformed rock. P l ana r  s h a t t e r  f r a c t u r i n g  has n o t  pre-  

viously been r epor t ed  from any s t r u c t u r e  and should b e  much more 

u s e f u l  than simple cones i n  determining t h e  stress p a t t e r n  du r ing  

the shock event .  

Reconnaissance i n d i c a t e s  t h a t  t he  g r e a t e r  t h e  d i s t a n c e  from 

the c e n t e r  of t h e  s t r u c t u r e ,  t he  g r e a t e r  t h e  ang le  between t h e  

normal t o  t h e  bedding and t h e  s h a t t e r  cone axes;  t h i s  r e l a t i o n  

sugges t s  a focus above t h e  o r i g i n a l  e l e v a t i o n  ok the beds. More 

i n t e r e s t i n g l y ,  cones i n  p l a t e s  c o n c e n t r i c  w i th  the  s t r u c t u r e  are 

b i l a t e r a l l y  symmetrical about  a plane normal t o  t h e  bedding, while  

i n  p l a t e s  o r i e n t e d  a t  an  ang le  o r  r a d i a l  t o  t h e  s t r u c t u r e ,  t h e  

cones are asymmetric, wi th  axes p o i n t i n g  inward a f t e r  r o t a t i o n  of 

the bedding back Eo the  h o r i z o n t a l ,  Measurement of s h a t t e r  

f r a c t u r i n g  geometry should a i d  g r e a t l y  i n  de t e rmina t ion  of t h e  o r i -  

g i n a l  o r i e n t a t i o n  and perhaps even p o s i t i o n  of t h e  p l a t e s  t h a t  

compose the Blu 

Only reconnaissance w a s  done i n  the  s t r u c t u r e  e x t e r i o r  t o  the  

he east  peak of M t .  P y r o c l a s t  i s  composed of mixed Bluff  proper. 

shocked b r e c c i a  ve ry  similar i n  appearance t o  s u e v i t e  

s c r a t e r ,  Germany. Th i s  appar l y  o v e r l i e s  less 

shocked monomict b recc ia .  Hydrofluoric  a c i d  t r ea tmen t  of pro- 

mising specimens f o r  d e t e c t i o n  of c o e s i t e  and s t i s h o v i t e  i s  i n  

progress .  
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Some obse rva t ions  of s i g n i f i c a n c e  t o  the  r e g i o n a l  s t ra t i -  

graphy were made. 

Sandstone between a lower u n i t  400-500 f ee t  t h i c k ,  c o n s i s t i n g  of 

uniform thin-bedded sandstone w i t h  no worm tubes ,  and an upper 

u n i t  800-1,000 f e e t  t h i c k  c o n s i s t i n g  of more v a r i e d  th i ck -  and 

thin-bedded sandstones wi th  several zones of v e r t i c a l  worm tubes. 

A t  t h e  base of t h e  upper u n i t  i s  a zone 10-50 f e e t  t h i c k  c o n s i s t i n g  

A sha rp  c o n t a c t  was found i n  the  Mereenie 

e l y  of red sandstone. The f o s s i l s  found by P. J. Cook and 

i d e n t i f i e d  by J. G. Tomlinson as fragments of a r t h r o d i r e  armour 

of  Devonian age occur  n o t  i n  t h e  P e r t n j a r a  red beds b u t  i n  the  

r e d  sandstone a t  the  base of t h e  upper Mereenie w i t h i n  one of t h e  

overturned d i s p l a c e d  blocks of t h e  type mentioned above t h a t  l i es  

ad jacen t  t o  P e r t n j a r a  beds. Th i s  i s  t h e  f i r s t  d a t a b l e  f o s s i l  from 

t h e  Mereenie and confirms t h e  Devonian age t h a t  has been suggested 

on the  b a s i s  of c o r r e l a t i o n  wi th  o t h e r  bas ins .  Very l i m i t e d  

reconnaissance sugges t s  t he  p o s s i b i l i t y ,  however, t h a t  t he  c o n t a c t  
~.-+r--nn t-hn I~T.x~v and tinnor iini ts cnr remonds  t o  the  base  of t he  

Mereenie i n  the  Macdonnell Ranges, and the  lower u n i t  may be i n  

fact  a u n i t  i n  the Ordovician La rap in ta  Group t h a t  i s  a b s e n t  i n  t h e  

Macdonnell Ranges b u t  occurs a t  Gosses Bluff and i n  t h e  James 

Ranges t o  the south.  

Impact Metamorphism 

A paper i n  p r e s s  e n t i t l e d  "Pressure and temperature h i s t o r i e s  

of impact metamorphosed rocks--Based on pe t rog raph ic  o b s e r v a t i o n s , "  

by E. C. T. Chao i n t e r p r e t s  t he  observed shock e f f e c t s  on g r a n i t i c  

and o t h e r  c r y s t a l l i n e  and metamorphic fragments i n  the  f a l l o u t  

b r e c c i a  of t he  R i e s  c r a t e r  of sou the rn  Germany and the  Lake Bosumtwi 

crater of Ghana, Af r i ca .  Fea tu res  of deformation, evidence of 

p a r t i a l  o r  complete and selective phase t r a n s i t i o n s ,  and evidence 

of breakdown, decomposition, o r  me l t ing  of q u a r t z ,  p l a g i o c l a s e ,  

b i o t i t e  , amphibole , magnet i t i e  , i l m e n i t e ,  t i  t a n i t e  , r u t i l e ,  and 

z i r c o n  are desc r ibed  and c l a r i f i e d .  

I n  o r d e r  t o  i n t e r p r e t  t he  shock f e a t u r e s ,  diagrams showing 

the p r e s s u r e  and temperature h i s t o r i e s  of fragments metamorphosed 
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by impact-induced shock wave are g iven  i n  terms of a concept of 

t h e  formation of t he  f a l l o u t  b r e c c i a  du r ing  the  c ra t e r - fo rming  

event.  Estimates of t h e  p re s su re  and temperature i n d i c a t e d  by 

the observed shock e f f e c t s  are de r ived  from t h e  comparison wi th  

a v a i l a b l e  shock wave experimental  d a t a  on s i n g l e  c r y s t a l s  of q u a r t z  

and p l ag ioc la se .  

From d e t a i l e d  obse rva t ions  and t h e  a v a i l a b i l i t y  of Hugoniot 

e q u a t i o n - o f - s t a t e  d a t a  on q u a r t z ,  p a r t i a l  t r a n s i t i o n  from q u a r t z  

t o  s i l i ca  g l a s s  observed i n  q u a r t z  can  be explained i n  terms of 

selective d i so rde r ing .  Such a mechanism can be extended t o  t h e  

i n t e r p r e t a t i o n  of the  v i t r i f i c a t i o n  of f e l d s p a r s  by shock. 

Evidence and arguments presented show t h a t  t he  formation of 

c o e s i t e  and s t i s h o v i t e  from q u a r t z  is n o t  accomplished by d i r e c t  

t r a n s i t i o n .  They were probably de r ived  and nuc lea t ed  from a 

me tas t ab le  dense g l a s s y  phase. 

I n  c o n t r a s t  w i th  t h e  r e s u l t s  of shock wave experiments on 

c ina lP  rrvstals.  t h e  e f f e c t s  of n a t u r a l  shock on rock are a g r e a t  

d e a l  more complex. The r o l e  of bulk d e n s i t y ,  p o r o s i r y ,  mociai 

mine ra l  composition, the c o m p r e s s i b i l i t y  o r  shock impedance and 

t h e  thermal c o n d u c t i v i t y  of one mineral  w i th  r e s p e c t  t o  a d j o i n i n g  

mine ra l s ,  water c o n t e n t ,  and macrostructures  such as mineral  

banding, bedding, j o i n t s ,  and f r a c t u r e s  are b r i e f l y  discussed.  

The volume and phase changes throughout t h e  compression and expan- 

s i o n  s t a g e s  of t h e  even t  are considered. R e c r y s t a l l i z a t i o n  and 

c r i te r ia  of t h e  c o o l i n g  h i s t o r i e s  of shock-heated fragments are 

a l s o  discussed.  

By c o r r e l a t i n g  the shock f e a t u r e s  wi th  peak p r e s s u r e s  and 

temperatures ,  the degree of impact metamorphism under nonequilibrium 

cond i t ions  can a l s o  be determined. A s  an example, t h e  impact- 

metamorphosed g r a n i t i c  rocks of t he  R i e s  are c l a s s i f i e d  i n t o  

seven ca t egor i e s .  

. The shock phase p r o j e c t  of  D. J. Mil ton w a s  l a r g e l y  devoted t o  

p r e p a r a t i o n  of a comprehensive review of the  geology of terrestr ia l  

impact s t r u c t u r e s ,  of which the f i r s t  d r a f t  i s  now completed. 
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Volcanic S t u d i e s  

Mule Ear diatreme.--Investigation of t h e  Mule Ear diatreme,  

Utah, was r e a c t i v a t e d  i n  June 1967. De ta i l ed  mapping was con- 

t i nued  by Desiree Stuar t -Alexander  a t  the  scale used by Shoemaker 

and Moore i n  1957 and Moore i n  1962;  t he  f i n a l  map compi l a t ion ,  

scheduled f o r  FY 1968, awaits a j o i n t  f i e l d  check by a l l  mappers. 

Formation and enlargement of t h e  Mule Ear v e n t  occurred by 

s p a l l i n g  and e j e c t i o n ,  presumably along a f r a c t u r e  o r  weak zone. 

Country rocks i n  c o n t a c t  w i th  t h e  diatreme are n o t  folded o r  

f a u l t e d .  M u l t i p l e  expf.osion pe r iods  r e s u l t e d  i n  a zonal  d i s t r i -  

b u t i o n  of  rock fragments w i t h i n  the v e n t ,  so  t h a t  t he  c o r e  

c o n t a i n s  mainly rocks from the  lower p a r t  of t h e  vented area 

(perhaps the b a s a l  2/3 o r  1/2)  which were a11 mixed w i t h i n  a few 

f e e t  or t e n s  of f e e t ,  and t h e  pe r ime te r  con ta ins  fragments from 

t h e  e n t i r e  c r o s s - c u t  s e c t i o n ,  w i th  the upper p a r t  being most 

h e a v i l y  represented.  
' - e - - - - -  ---l---:- A $  r ~ n t  c n n r i m p n s  hns heplln- - - .  . 

J - -  J L L F : I I , L L L " L l L ,  A U L  -----.. 

Procedures t o  d a t e  include p r i m a r i l y  pe t rog raph ic  examination and 

l i m i t e d  X-ray mineral  determinat ions.  

c a r b o n a t i z a t i o n  has occurred on a l a r g e  scale; t h e  "kimberl i te"  

mineralogy seems t o  be mainly c h l o r i t e s  and c l a y s  wi th  ve ry  l i t t l e  

s e r p e n t i n e  so  far de tec t ed .  

These d a t a  sugges t  t h a t  

A s u i t e  of specimens is be ing  chemically 

analyzed t o  determine the n a t u r e  of t h e  a d d i t i v e  materials. 

Moses Rock diatrerne.--A d e t a i l e d  s tudy  of the Moses Rock 

d ia t r eme ,  Utah, was completed by T. R. McGetchin. F i e l d  i n v e s t i -  

g a t i o n s  l e d  t o  the fol lowing conclusions:  1) The b r e c c i a s  were 

f l u i d i z e d  when emplaced because they are p a r t i c u l a t e  on a l l  scales, 

they  have s ize-frequency d i s t r i b u t i o n s  l i k e  comminution curves,  

fragments from widely sepa ra t ed  p o s i t i o n s  are i n t r i c a t e l y  mIxed on 

a l l  scales, and k i m b e r l i t e  components are g r e a t l y  d i s p e r s e d ;  

2) no s i l i ca t e  m e l t  e x i s t e d  a t  t h e  p r e s e n t  l e v e l  of exposure; 

3 ) . t h e  d i k e  grew l a t e r a l l y  p a r a l l e l  t o  t e n s i l e  f r a c t u r e s  by 

slumping o r  s p a l l i n g  of wal l rocks i n t o  t h e  d i k e ;  t hese  fragments 

then became comminuted and mixed wi th  the  e r u p t i n g  material, and 
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t r a n s p o r t e d  according t o  t h e i r  s i z e ,  shape,  and 

mentary fragments t r anspor t ed  upward i n  t h e  d i k e  

s ize-depth r e l a t i o n s h i p ;  when a p p l i e d  t o  f 

rock,  t h i s  provides  an  e m p i r i c a l  

the v e r t i c a l  sequence based on s i z e ;  5) fragment 

downward a maximum of 1,500 f e e t ,  providing a m i  

t h e  overburden a t  t h e  t i m e  of e r u p t i o n ;  and 6) c a l c u l a t i o n  of t he  

s e t t l i n g  v e l o c i t y  of t h e  l a r g e s t  fragments d i s  

d i k e  sugges t s  t h a t  t he  upward flow v e l o c i t y  ( f 

d e n s i t y )  was  a t  least 10 to 50 m p e r  sec. 

ed upward i n  the  

ssumed f l u i d  

P e t r o l o g i c  i n v e s t i g a t i o n s  l ed  t o  the  fol lowing conclusions:  

I) Compositions of c o e x i s t i n g  clinopyroxene-orthopyroxene and 

orthopyroxene-pyrope i n d i c a t e  e q u i l i b r i u m  cond i t ions  a t  95 rt5 km 

dep th  and 950' C f60" C y  t h e  dep th  and temperature of t h e  kimber- 

l i t e  r e s e r v o i r ;  2) s i z e - d e p t h  r e l a t i o n s  and re la t ive abundance of 

c r y s t a l l i n e  fragments suggest  t h a t  t he  c r u s t  cons i s t ed  of g r a n i t e  

and abundant metabasal t  nea r  t h e  s u r f a c e ;  gabbro, d i o r i t e ,  amphi- 
. uuLILt: ... d L  . .  L L i i - , = i L , , ~ ~ ~ ~ ~ ~  Lcpt-,;; zzd r-krz---JnJ hoo<rr n ~ i v n ~ n n n -  

b.."--.- - --...- =,-------- 

g r a n u l i t e  w i th  minor z o i s i t e - e c l o g i t e  a t  g r e a t e r  dep ths ;  3 )  dense 

fragments i nc lude  t r u e  e c l o g i t e ,  sp ine l -bea r ing  w e b s t e r i t e ,  rare 

s p i n e l - l h e r z o l i t e ,  and abundant s e r p e n t i n e - t r e m o l i t e  s c h i s t ;  a l l  

excep t  t he  s p i n e l - l h c r z o l i t e  c o n t a i n  minerals  d i s t i n c t l y  d i f f e r e n t  

i n  composition from those i n  the  k i m b e r l i t e  and are i n f e r r e d  t o  be 

a c c i d e n t a l  i n c l u s i o n s  sampled from the v e n t  walls du r ing  t h e  

e r u p t i o n  of t h e  k i m b e r l i t e ;  4 )  source rock f o r  t he  k i m b e r l i t e  

w a s  g a r n e t - l h e r z o l i t e ;  5) the e r u p t i n g  k i m b e r l i t e  i s  i n f e r r e d  t o  

have been a v o l a t i l e  phase,  p r i n c i p a l l y  water wi th  CO 

late g r a i n s  of mainly o l i v i n e ;  6) t he  abundance of t h e  se rpen t ine -  

t r e m o l i t e  s c h i s t  sugges t s  a hydrated upper mantle;  7) t he  upper 

mantle above 100 km may be phase-layered: t he  upper p a r t  s p i n e l -  

l h e r z o l i t e ,  t h e  lower p a r t  g a r n e t - l h e r z o l i t e .  

and p a r t i c u -  2 

Lunar Crater vo lcan ic  f ie ld . - -The Quaternary Lunar Crater 

v o l c a n i c  f i e l d ,  a n  area of a l k a l i  b a s a l t  i n  the Pancake Range of 

n o r t h e r n  Nye County, Nevada, c o n t a i n s  a wide v a r i e t y  of morphologic 
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f e a t u r e s  inc lud ing  c i n d e r  cones,  spa t t e r - and-c inde r  cones,  and 

maars t h a t  are being s tud ied  by N. J. Trask and D, H. S c o t t .  Lunar 

Crater i t s e l f  is  a maar, approximately 1,200 m i n  d i ame te r ,  which 

resembles i n  morphology many craters of comparable s i z e  OR the 

Moon. 

presence of u l t r a m a f i c  i n c l u s i o n s  i n  the  e j e c t a  and flows s u r -  

rounding several of the  vents .  

i n  a n o r t h e a s t - t r e n d i n g  band about  30 km long and 5 t o  8 lun wide. 

This  band i s  s i t u a t e d  w i t h i n  an  e l e v a t e d  v a l l e y  surrounded on t h r e e  

s i d e s  by outward-dipping beds of T e r t i a r y  ign imbr i t e s  and r e l a t e d  

s i l i c i c  vo lcan ic s  t y p i c a l  of t he  Basin and Range Province. 

The vo lcan ic  f i e l d  i s  of special  i n t e r e s t  because o f  t he  

Most o f  t he  flows and ven t s  occur  

S t r u c t u r a l  and s t r a t i g r a p h i c  r e l a t i o n s  w i t h i n  and between 

the  Quaternary b a s a l t s ,  t he  surrounding T e r t i a r y  ign imbr i t e s ,  

and s l ices  of Paleozoic  sedimentary rocks w i t h i n  the  ign imbr i t e s  

are being s t u d i e d  by D. B. S c o t t .  Five mappable u n i t s  w i t h i n  the 

Paleozoic  rocks and n ine  separate coo l ing  u n i t s  w i t h i n  the ash- 

f l o w  tiiffs have been i d e n t i f i e d  and c o r r e l a t e d .  Although t h e  

ash-flow t u f f s  p a r t l y  surrounding the b a s a l t  f i e l d  torm a roughly 

c i r c u l a r  series of a r c u a t e  p l a t e a u s ,  unconformit ies  between a sh  

flows as w e l l  as s u b s t a n t i a l  thickness  v a r i a t i o n s  w i t h i n  u n i t s  

suggest  t h a t  t he  p r e s e n t  topography i n  t h e  a d j a c e n t  area does 

n o t  n e c e s s a r i l y  r e f l e c t  t he  presence of an  a n c i e n t  caldera .  

Basalts r i c h  i n  o l i v i n e  and p l a g i o c l a s e  phenocrysts  are exposed 

i n  t h e  walls of Lunar Crater and are among t h e  o l d e s t  Quaternary 

b a s a l t s  i n  t h e  f i e l d .  Some of t h e  younger flows are jagged s c o r i -  

aceous au tob recc ia s  wi th  i n d i v i d u a l  blocks exceeding 10 f e e t  i n  

diameter.  The youngest f lows bea r  abundant u l t r a n a f  i c  i n c l u s i o n s  

and xenoc rys t s  de r ived  from t h e s e  inc lus ions .  

Unconsolidated t o  poorly consol idated e j e c t a  making up the 

r a i s e d  r i m  of Lunar Crater and of a second maar t o  the  n o r t h ,  

known l o c a l l y  as Grandfa the r ' s  Chair ,  c o n s i s t s  of v i t r i c  l i t h i c  

t u f f s  con ta in ing  rounded t o  subangular fragments of t h e  b a s a l t  

flows exposed i n  the walls and of fragments of the  T e r t i a r y  ignim- 

b r i t e s .  Very l i t t l e  doming of ' the underlying b a s a l t s  and ignim- 
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b r i t e s  a p p a r e n t l y  occurred a t  the  time of e rup t ion .  Fragments 

range from microscopic s i z e s  up t o  2 in i n  diameter  w i th  l a p i l l i  

s i z e s  predominating. 

Ultramafic  x e n o l i t h s  are abundant i n  flows t h a t  i s sued  f r o m .  

a c inde r -and- spa t t e r  cone a t  the  no r th  end of Grandfa the r ' s  Chair  

and from a c i n d e r  cone and nearby low l i n e a r  v e n t  5 km t o  the no r th ,  

They a l s o  occur i n  co res  of bombs around the  c i n d e r  cone. Among 

inc lus ions  examined t o  d a t e  by N. J. Trask,  most are w e h r l i t e  

ar.d py roxen i t e ,  b u t  one i n c l u s i o n  of l h e r z o l i t e  has been noted. 

This  is of s i g n i f i c a n c e  because of t h e  widely he ld  op in ion  t h a t  

l h e r z o l i t e  i n c l u s i o n s  are e i t h e r  p i e c e s  of t h e  e a r t h ' s  mantle o r  

r e f r a c t o r y  r e s i d u e s  formed by p a r t i a l  me l t ing  of t h e  mantle (Refs. 13- 

15). 

s i o n s ,  and o l i v i n e  wi th  well-developed cleavage is a common and 

somewhat s u r p r i s i n g  c o n s t i t u e n t .  

x e n o l i t h s  are confined t o  only a few f lows,  some xenocrysts  of 

o l i v i n e .  e l a s s v  Dvroxene, and p l a g i o c l a s e  occur i n  most of t h e  

Quaternary b a s a l t s .  

Metamorphic t e x t u r e s  have been noted i n  s e v e r a l  o f  t h e  i n c l u -  

Although r e l a t i v e l y  l a r g e  

This  i n v e s t i g a t i o n  i s  p a r t  of a program designed t o  e s t a b l i s h  

cr i ter ia  by which vo lcan ic  e r u p t i o n s  t h a t  have brought up deep- 

sea t ed  material may be i d e n t i f i e d ;  such c r i t e r i a  w i l l  a i d  i n  the 

i d e n t i f i c a t i o n  of analagous f e a t u r e s  on t h e  Moon t h a t  may provide 

d i r e c t  information on deep-seated luna r  rocks.  Regional mapping 

w i l l  be completed in FY 1968, and a f i n a l  r e p o r t  i s  scheduled f o r  

FP 1969. 

San Francisco vo lcan ic  f i e l d .  --Work on the  morphology and 

gene ra l  geology of the luna r  volcanfc analogs of t h e  San F ranc i sco  

f i e l d  nea r  F l a g s t a f f ,  Arizona, w a s  begun by J. F. McCauley i n  

A p r i l ,  1967, and has continued i n t e r m i t t e n t l y  t o  the  p re sen t .  

Emphasis has been placed on t h r e e  types of f e a t u r e s  because of 

t h e i r  common occurrence i n  Lunar O r b i t e r  photographs: 1) i n d i v i d u a l  

l i n e a r  t o  coa le sc ing  p y r o c l a s t i c  cones b e s t  developed nea r  S.P. 

crater; 2) a s teep-sided f l a t - topped  dome nea r  Merriam crater 

which is  s imilar  i n  form and scale t o  those seen i n  the  Marius 
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H i l l s  r eg ion  of t he  Moon (a  p o t e n t i a l  la te  Apollo landing s i t e ) ;  

and 3 )  a small broad l o w  dome o r  s h i e l d  volcano c a l l e d  Howard Mesa 

which is  a l s o  v e r y  similar t o  some of the Marius H i l l s  domes. 

Vertical  and ob l ique  aerial photographs of t hese  f e a t u r e s  

have been ob ta ined ,  and f ie ldwork is  i n  p r s g r e s s  a t  the  f l a t -  

topped dome nea r  Merriam crater. 

i s  the product of e a r l y  magmatic i n f l a t i o n  and la te r  c o l l a p s e  as 

I n i t i a l  work sugges t s  t h a t  i t  

om i t s  f l ank .  P re l imina ry  f i e l d  reconnaissance 

has been completed a t  How2rd Mesa, bu t  d e t a i l e d  f ie ldwork w i l l  have 

t o  be d e f e r r e d  u n t i l  s p r i n g  because of snow cover.  

a f i n a l  r e p o r t  is scheduled f o r  e a r l y  1969. 

Completion of 

Ubehebe Crater.--A p re l imina ry  s tudy  was made of t h e  Ubehebe 

maar, Death Va l l ey ,  C a l i f o r n i a ,  by D. J. Roddy. The 10 sq km 

v o l c a n i c  f i e l d  c o n t a i n s  b a s a l t  flows and younger maars and c i n d e r  

cones surrounded by b a s a l t i c  ash.  The l a r g e r  maars, i nc lud ing  

Ubehebe Crater, which i s  230 m deep and 730 m i n  d i ame te r ,  are 

c e n t P r e d  nn R nor th - t r end ing  f a u l t  zone. Smooth, layered e j e c t a  

10-25 m t h i c k  surrounds the c r a t e r  and c o n s i s t s  of b a s a l t i c  a sh ,  

c i n d e r s ,  and sedimentary fragments. A minimum volume of 5 x cu c m  

(10 g) of interbedded conglomerates and sandstones w a s  f r a c t u r e d  

and removed from t h e  crater.  On the b a s i s  of r epor t ed  comminution 

14 

s t u d i e s ,  t he  minimum energy r equ i r ed  t o  e jec t  the  rock w a s  calcu-  

l a t e d  as 8 x 10 e r g s .  The minimum t o t a l  energy r equ i r ed  t o  

form Ubehebe Crater is e r g s  i f  the e n e r g i e s  i n  h e a t i n g  and 

f r i c t i o n  du r ing  i n i t i a l  s t a g e s  of deformation are neglected.  An 

energy of loz2  e r g s  is  a v a i l a b l e  f o r  work i n  an  a d i a b a t i c  expansion 

of v o l c a n i c  gases and ( o r )  ground-water steam, assuming i n i t i a l  

temperatures of 250" C and 10 pe rcen t  p o r o s i t y  f o r  t h e  sedimentary 

rock. G a s  p r e s s u r e s  computed f o r  t hese  cond i t ions  are a t  least  10 

t i m e s  g r e a t e r  than t h e  t e n s i l e  s t r e n g t h s  of t h e s e  sedimentary 

rocks and would be s u f f i c i e n t  t o  f r a c t u r e  and e jec t  the  mass of 

rock occupied by Ubehebe Crater. 

2 1  

Topographical ly ,  Ubehebe Crater i s  comparable t o  c e r t a i n  

low-rimmed, s teep-walled,  bowl-shaped craters seen  i n  t h e  Ranger 
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and O r b i t e r  photographs of t h e  Moon. 

of loz2 e r g s  occurred on t h e  l u n a r  s u r f a c e  under dyn 

similar t o  t h e  E a r t h ,  and i f  on ly  t h e  e f f e c  

s i d e r e d ,  t h e  crater formed should be a t  lea 

If a v o l c a n i c  

times deeper  t h a  

Ubehebe Crater, about  1.5 t i m e s  l a r g e r  i n  d i ame te r ,  and 3.5 t o  4 t i m e s  

larger i n  volume. 

Other projects.--Two p r o j e c t s  desc r ibed  i n  the  work p l a n  f o r  

68 

cones nea r  

tive morphological s tudy  of t h o l e i i t i c  and a l k a l i  b a s a l t i c  craters, 

Nunivak I s l a n d ,  Alaska (T. R. McGetchin, p r o j e c t  c h i e f ) .  Fieldwork 

on these  p r o j e c t s  is scheduled t o  s ta r t  n e x t  summer. 

Missile I m p a c t  I n v e s t i g a t i o n s  

During t h e  per iod J u l y  1, 1966-September 3 0 ,  1967, maps of 

18 missile impact craters and 3 exp los ive  craters were prepared,  

4 missile impac t  craters were t renched,  4 remote-sensing f l i g h t s  

were ~iown, seismic s ~ u c i i e s  were cvmiuc.i& utt I; C L G L E ~ S ,  G;;< ~ G S S ~ Y C  

seismic s t u d i e s  were s t a r t e d .  

The d a t a  c o l l e c t e d  by mapping the c r a t e r s  i nc lude  crater 

dimensions, volume, t a r g e t  p r o p e r t i e s ,  and geo log ic  f e a t u r e s  which 

have a p p l i c a t i o n  t o  the  space program. Ta rge t  materials, ang le s  

of impact, k i n e t i c  e n e r g i e s ,  and diameters  of t h e  craters mapped 

are l i s t e d  i n  t a b l e  1; t h e  last two types of d a t a  are compared 

wi th  those of o t h e r  craters s t u d i e d  p rev ious ly  i n  f i g u r e  1. Three 

c r a t e r s  (19-21) which were n o t  mapped are shown and l i s t e d ;  d a t a  

f o r  t h e s e  were fu rn i shed  by t h e  Commanding General,  White Sands 

Missile Range. The exp los ion  craters ( 2 2 - 2 4 )  were produced u s i n g  

60 p e r c e n t  Amogel 81 by D r .  G. Latham of Lamont Geological  Labora- 

t o r i e s  as p a r t  of t h e  c a l i b r a t i o n  of pas s ive  seismic equipment 

(ALSEP). It is  noteworthy t h a t  t h e  v e o l i c i t i e s  of some of t h e  

missiles can be s p e c i f i e d .  For example, t he  missile t h a t  pro- 

duced crater 15 impacted w i t h  a v e l o c i t y  of 4.25 km p e r  sec. 

Trenching of t h e  missile impact craters t o  depths  of 8.5 f e e t  

below the crater  r i m s  showed t h a t  t he  f l o o r s  of t h e  craters were 
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Table 1.--Data on missile impact craters .  Data on three explosion c ra te rs  
(22-24) included f o r  comparison 

Angle of Kinetic 
Target 

ma t e r i a  1 
impact energy R i m  diameters 
(deg) ergs) Meters Feet 

1. Sand, over cohesive s i l t  45.8 25.1 6.41 - 5.73 21.2 - 18.8 
2. S i l t ,  clayey, cohesive 45.8 25.1 5.74 - 5.73 18.9 - 18.8 

3. Alluvium 47.8 13.5 4.50 - 3.77 14.8 - 12.4 
47.0 15.8 5.47 - 5.22 18.0 - 17 .2  

5. Gypsum sand, cemented 47.0 15.8 5.47 - 4.93 18.0 - 1 6 . 2  

6. 47.0 15.8 4.38 - 4.26 14.4 - 14.0 
46.4 20.4 5.66 - 5.52 18.6 - 18.2 

20.4 5.30 - 4.85 17.4 - 15.9 
9. 46.4 20.4 5.22 - 4.87 17 .2  - 16.0 

47.8 13.5 5.52 - 4.50 18.2 - 14.8 
48.0 16.0 5.66 - 4.99 18.6 - 16.4 

4' I 
7 *  1- 8. Alluvium, weakly cohesive 46.4 

10. Alluvium over gypsum 

12. 48.0 16.0 5.73 18.8 
-r, I 7  ." n 15.9 -. r. ?f:  5.5s 9 - 18  3 11. J- 47.0 16.0 6.25 - 5.18 20.6 - 17.0 

15. 42.3 81.0 8.40 - 7.56 27.6 .. 24.9 
16. Colluvium, s o i l  48.0 13.8 5.02 - 4.93 16.5 - 16.2 
17. Alluvium, over gypsum 47.0 16.5 3.90 - 3.41 12.8 - 11.2  

11* 1 
J.J. LypsUrII b d l d  , Llz'llcII;C;C: 

18. Gypsum lake beds, 
sopping w e t  25.1 44.6 11;3 -11 .2  37.2 - 37.0 

19. Gypsum lake beds, w e t  Oblique 18.4 6.09 20 

20. Gypsum, clay 4.9 3.65 12  l i  

I 1  21. Gypsum sand dune 11.3 5.48 - 3.05 18 - 10 

--- 9.5 3.41 11.2 

23. Alluvium over gypsum --- 9.5 3.89 12.8 

24. 221 - --.. 19.0, 4.38 14.4 

NOTE.--Figures given in  the kinet ic  energy column for  the explosion c ra te rs  
(22-24) represqnt approximate energy release. Dep ths  of burst  of the 
three explosions were 20, 43, and 43 c m ,  respectively. 
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u n d e r l a i n  by a b r e c c i a t e d  mixture  of fragments of p r o j e c t i l e  and 

sheared and compressed t a r g e t  material. 

l a i n  by a t h i n  veneer  of t a l u s  and f a l l b a c k .  

composed of banded b r e c c i a t e d  t a r g e t  material w a s  found a d j a c e n t  

t o  the mixed b recc ia .  This  second b r e c c i a  w a s  banded p a r a l l e l  t o  
t he  c o n t a c t  with i n t e n s e l y  f r a c t u r e d  t a r g e t  material, sugges t ing  

flowage of t he  materials. The i n t e n s i t y  of f r a c t u r i n g  of the  

t a r g e t  material decreased outward away from t h e  crater ,  and 

conjugate  f r a c t u r e s  were w e l l  developed i n  some craters. Trenching 

of one crater i n  a layered t a r g e t  of a l luvium and gypsum showed 

The mixed b r e c c i a  w a s  over- 

A second b r e c c i a  zone 

t h a t  the deep l a y e r s  were t i l t e d  upward i n  t h e  down-trajectory 

d i r e c t i o n  and a t  r i g h t  ang le s  t o  t h e  t r a j e c t o r y  b u t  not  i n  the 

u p - t r a j e c t o r y  d i r e c t i o n .  The l a y e r  i n t e r f a c e  was 1 / 7  of t he  crater 

diameter.  I n  ano the r  crater,  t h e  l a y e r i n g  i n t e r f a c e  w a s  deeper  

and l i t t l e  o r  no upward d e f l e c t i o n  of the l a y e r  was observed. 

However, i n  the u p - t r a j e c t o r y  s i d e ,  t he  l a y e r  w a s  deformed t o  a 
T - . - - L  -c - L  I - - , . +  i n F,,+ 

L- --- - -  - -- 

Prel iminary r e s u l t s  u s ing  i n f r a r e d  and photographic imagery 

of t he  c r a t e r s  obtained from remote-sensing f l i g h t s  i n d i c a t e :  

1) The images on d a y l i g h t  i n f r a r e d  imagery are s t r o n g l y  dependent 

on topography, b u t  under i d e a l  cond i t ions  t h e  image of crater e j e c t a  

i s  e x c e l l e n t ;  2) c o l o r  photography is  va luab le  i n  d e l i n e a t i n g  

e j e c t a  and f a l l o u t  p a t t e r n s ;  3) images on b l ack  and white  photogra2hy 

are good b u t  n o t  as c l e a r  as c o l o r  photography; and 4 )  t he  e j e c t a  

p a t t e r n s  were shown by the  u l t r a v i o l e t  photography. (See Ref. 16.) 

The imagery of t h e  craters was obtained by t h e  Ea r th  Resources 

Program A i r c r a f t  oE t he  Manned Spacec ra f t  Center ,  Houston, Texas. 

Act ive seismic s t u d i e s  u s i n g  a hammer energy source and 

eng inee r ing  seismometer (MD-3) on 10 f o o t  source-geophone spacings 

showed a dec rease  of a c o u s t i c  v e l o c i t i e s  from about 3,000 f p s  

beyond one crater diameter  t o  1,000 f p s  and less a t  the  crater edge. 

The.decreasing a c o u s t i c  v e l o c i t y  c o r r e l a t e s  w i th  i n c r e a s i n g  f r a c t u r e  

i n t e n s i t y  and dec reas ing  s t r e n g t h s  measured with a shea r  vane. 
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Act ive  seismic s t u d i e s  of two c r a t e r s  conducted 

and E e i l  Thompson u s i n g  exp los ive  sou rc  

r e f r a c t i o n  equipment, showed t h a t  t he  t i  

missile impac t  craters are similar t o  t 

and those of t he  exp los ion  craters a t  t h e  Cinder Lake T e s t  S i t e .  

A computer program i s  be ing  w r i t t e n  by Ackermann t o  determine the  

v e l o c i t y  d i s t r i b u t i o n  i n  the  crater area. 

Passive seismic experiments by G. Latham of t h e  Lamont 

Geological  Observatory were s t a r t e d .  

p u s s i b l y  caused by the l o c a l  fauna ( f i e l d  mice) , t h e  seismic 

equipment d i d  n o t  o p e r a t e  p r o p e r l y  a t  the  c o r r e c t  t i m e .  The 

c a l i b r a t i o n  s h o t s  worked w e l l  however. 

Because of damage t o  l i n e s ,  

Experimental  Impac t  I n v e s t i g a t i o n s  

The experimental  impact i n v e s t i g a t i o n s  p r o j e c t  a p p l i e d  

experimental  d a t a  on c r a t e r i n g  t o  luna r  problems, supported Arnes 

Research Center i n  a s tudy  of repeated impacts i n  sand t a r g e t s ,  
" . * 7 .  ' *  1 - - - - * - - - - & -  -- l---  -.-l...-Z+-- - w * . i n m + < I a  nnno+rn+inn 

I .  - - " L I u I u I  L I Y  -*...... --- - - - ~  -- _ _  . . 

and cons t ruc t ed  components f o r  a low-veloci ty  p r o j e c t o r .  

A s  p a r t  of Lunar O r b i t e r  Mission Operat ions Screening,  the 

frequency d i s t r i b u t i o n  of blocks around a nuc lea r  exp los ive  crater 

i n  f low b a s a l t  (Danny Boy) w a s  compared wi th  t h a t  around a luna r  

crater ( S i t e  I1 P-11-B); t he  two were found t o  be similar. On 

t h e  b a s i s  of t h e  block counts ,  t h e  nuc lea r  crater Danny Boy w a s  

recommended as a test s i t e  for  v e h i c l e s  designed t o  ope ra t e  on 

l o c a l l y  rough l u n a r  t e r r a i n  (Ref. 1 7 ) .  

P re l imina ry  s t u d i e s  of secondary impact craters around small 

l u n a r  craters i n d i c a t e  the  presence of an  e a s i l y  c r a t e r e d  luna r  

r e g o l i t h  o r  s o i l  l i k e  l a y e r  ( R e f .  18). F u r t h e r  i n v e s t i g a t i o n s  are 

i n  progress  t o  exp lo re  t h e  p o s s i b i l i t y  of u s i n g  secondary impac t  

craters t o  estimate the mechanical p r o p e r t i e s  of t he  luna r  s u r f a c e  

materials. As a f i r s t  s t e p ,  a sea rch  of Lunar O r b i t e r  photographs 

w a s - i n i t i a t e d ,  and a p re l imina ry  l i s t  had been made of craters 

w i t h  t h e i r  corresponding secondary impact  craters (Moore & Lawry, 
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Lunar O r b i t e r  V Screening R e p t . ,  i n  prep.) .  

s c reen ing  r e p o r t ,  Moore showed t h a t  l una r  photographs can be used 

t o  extend some terrestrial  d a t a  t o  l a r g e r  f e a t u r e s ,  such as the  

I n  a Lunar O r b i t e r  I1 

r e l a t i o n s h i p  between l a r g e s t  blocks e j e c t e d  from a c r a t e r  and 

c r a t e r  diameter  (Ref,  19 ) .  The a p p l i c a t i o n  o f  d a t a  on experimental  

c r a t e r i n g  i s  a l s o  d i scussed  i n  P a r t  A of  t h i s  repor t .  

As  p a r t  of a coopera t ive  program of r e sea rch  w i t h  Ames Research 

Center ,  f o u r  topographic maps and f o u r  p l an ime t r i c  maps were prepared 

by R. V. Lugn from stereophotographs of sand t a r g e t s  subjec ted  t o  

experimental  bombardment. The experiments were designed t o  s imula te  

micrometeoroid bombardment of t h e  lunar  su r face .  Three d i f f e r e n t  

f l u x  d i s t r i b u t i o n s  were used, and the  e f f e c t s  of s lopes  on c r a t e r  

d e s t r u c t i o n  were examined. The topographic  maps can be used t o  

compare experimental  s lope-frequency d i s t r i b u t i o n s  wi th  luna r  

s lope-frequency d i s t r i b u t i o n s .  

S tud ie s  of low-veloci ty  impacts of small rods (1/8, 1 / 4 ,  and 

1 / 2  inch diam.) wi th  f ine-gra ined  sand a t  v e l o c i t i e s  up t o  630 c m  

pe r  S e C  s'nvwed ii1d.i pc,lc:i&:kii 'Giz p~;p:::~~~~?. t" tt.9 - r ' ? l n r < t > 7  n t  t h e  

rod. Such a r e l a t i o n s h i p  sugges ts  t h a t  p e n e t r a t i o n  res i s ta .nce  of 

t he  f ine-gra ined  sand should be p ropor t iona l  t o  the  v e l o c i t y  of 

t h e  rod. Time-penetrat ion h i s t o r i e s  recorded by high-speed camera 

have p a r t l y  confirmed t h i s ,  b u t  more d a t a  are needed. The t i m e -  

p e n e t r a t i o n  h i s t o r i e s  a l s o  ind ica t ed  t h a t  a c c e l e r a t i o n s  on the  rod 

d i d  no t  change markedly wi th  depth  of p e n e t r a t i o n ,  b u t  were n e a r l y  

cons t an t  wi th  pene t r a t ion .  

I n  o r d e r  t o  f u r t h e r  s tudy low-veloci ty  impacts,  a p r o j e c t o r  

and veloci ty-measuring system have been b u i l t .  

will be cons t ruc t ed  t o  s tudy  p e n e t r a t i o n  and fragmentat ion r e s u l t i n g  

from low-veloci ty  impacts. 

A vacuum system 
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P a r t  C. COSMIC CHEMISTRY AND PETROLOGY 

Three p r o j e c t s  i n  t h e  Astrogeologic  S t u d i e s  group are re spons ib l e  

f o r  most of t h e  work r epor t ed  here:  

r e l a t e d  materials; 2) petrography of t e k t i t e s ;  and 3) pe t ro logy  of 

me teo r i t e s .  Sepa ra t e  p r o j e c t s  of cosmic d u s t  i n v e s t i g a t i o n s ,  

though r e c e i v i n g  support  from d i f f e r e n t  sou rces ,  are repor t ed  h e r e  

because they ove r l ap  t o  some ex ten t .  Work on t e k t i t e s  has n e c e s s a r i l y  

been r e l a t e d  t o  work on impac t i t e s  r epor t ed  on i n  more d e t a i l  i n  

P a r t  B ,  Crater I n v e s t i g a t i o n s ,  

1) Chemistry of cosmic and 

I. Chemistry of cosmic and r e l a t e d  materials 

1. Chemical i n v e s t i g a t i o n s  and r e sea rch  

This  p r o j e c t  cont inues t o  provide t h e  chemical r e s e a r c h ,  

i n v e s t i g a t i o n s ,  and support  t o  s t u d i e s  undertaken by t h e  

Branch of Astrogeologic  S tud ie s  and t h e  Branch of Sur face  

P l a n e t a r y  Explorat ion.  
- 
-. . 

b. 

C. 

d. 

e. 

h-r--*L A - c . * i r r * n  + n t + i  i-nc ( C ~ t t t i  tta - Clarke.  Carron. 

and Annel l ,  1967, see p. 4 ) 

Comparison of Macedon and Darwin g l a s s  (Ref, 20) 

M u l t i v a r i a t e  a n a l y s i s  of geochemical d a t a  on t e k t i t e s  

(Miesch, Chao, and C u t t i t t a ,  1966, see p. 5 ) 

I n d o c h i n i t e s  - A n a l y t i c a l  work has been completed on 

the  de t e rmina t ion  of the  major-element composition 

and the  abundances of 22 trace elements of a s u i t e  of 

12  t e k t i t e s  from Dalat, V i e t  N a m ,  s e l e c t e d  t o  cover  

t h e  range of i n d i c e s  of r e f r a c t i o n  and s p e c i f i c  g r a v i t i e s  

e x h i b i t e d  by s e v e r a l  hundred i n d o c h i n i t e  specimens i n  

the U.S. Geological Survey c o l l e c t i o n .  The d a t a  are 

s t i l l  being eva lua ted ,  and a r e p o r t  intended f o r  

p u b l i c a t i o n  is  forthcoming. 

Impactites - I n  c o l l a b o r a t i o n  wi th  the impac t  

metamorphism p r o j e c t ,  fou r  impac t  g l a s s e s  ( c o l o r s :  

wh i t e ,  g rey ,  green,  and black) c a r e f u l l y  selected.  

from s u e v i t e - l i k e  b r e c c i a  from t h e  Lake Bosumtwi Crater 
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g* 
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of Ghana were analyzed f o r  major elements and 18 minor 

elements. The d a t a  suggest  t h a t :  1) The w h i t e  g l a s s  

could have been d e r i v e d  from v e i n  q u a r t z ,  and 2) the 

g rey  glass (predominates i n  abundance) and b l a c k  glass 

are de r ived  from d i f f e r e n t  p a r e n t  materials ( t h e  two 

g l a s s e s  d i f f e r  i n  t o t a l  i r o n ,  f e r r i c - f e r r o u s  r a t i o ,  

MgO, C a O ,  Na20, K 0, and H20). 

t h e  p a r e n t  materials of t he  Lake Bosumtwi i m p a c t i t e s ,  

d e t a i l e d  chemical s t u d i e s  have been made of slates, 

p h y l l i t e s ,  mica s c h i s t s ,  graywackes, and metavolcanic 

samples .  The 19 specimens s t u d i e d  were s e l e c t e d  on 

t h e  b a s i s  of e x t e n s i v e  evidence of shock metamorphism. 

Eva lua t ion  of t hese  d a t a  i s  i n  progress .  

Phosphorus f r a c t i o n a t i o n  (Ref. 21) 

The d i s t r i b u t i o n  of Mn between c o e x i s t i n g  b i o t i t e  

and hornblende i n  p l u t o n i c  rocks (Ref. 22) 

C o l l a b o r a t i v e  - a n a l y t i c a l  e f f o r t s  - Other p r o j e c t s  

( i n  s i t u  geo iog ic  s c u a i e s ,  geo ivg ic  ~ I I ~ L L U L I I ~ L I L ~  

s t u d i e s ,  and advanced systems and g e o l o g i c a l  methods) 

r e q u i r e d  concurrent  chemical support .  

f o r  major and 18 minor elements have been made on 20 

b a s a l t s  from Coconino County, Arizona; 11 d r i l l - c o r e  

samples  from M t .  Diablo,  Mono and Inyo Counties ,  

C a l i f o r n i a ;  and 15 samples of vo lcan ic  a sh  and o l i v i n e  

b a s a l t  from Zuni S a l t  Lake, New Mexico. Abundances 

of 18 trace elements i n  8 samples of whole m e t e o r i t e  

and mine ra l  s e p a r a t e s  were a l s o  determined. 

I n  o r d e r  t o  i d e n t i f y  2 

Chemical ana lyses  

2. The s t r eng then ing  and broadening of Astrogeology 's  chemical 

c a p a b i l i t y  and p o t e n t i a l  

I n  o r d e r  t o  ensu re  t h e  s u c c e s s f u l  completion of any 

chemical i n v e s t i g a t i o n  r equ i r ed  by c u r r e n t  o r  contemplated 

I Branch programs, e f f o r t s  r e l a t e d  t o  methods r e sea rch  and 

i n c r e a s i n g  the  Branch's i n s t rumen ta l  c a p a b i l i t y  have cont inued,  
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p a r t i c u l a r l y  i n  t h e  areas of atomic a b s o r p t i o n  

emission spectroscopy,  gas chromatography, radiochemistry,  

and X-ray f luo rescence  The c o n s e r v a t i o  

of as t rogeo 1 i c  interest and 

r t i n e n t  and meaningful chemical d a t a  on v e r y  small 

samples are problems i n h e r e n t  i n  space e x p l o r a t i o n  programs. 

a. Atomic abso rp t ion  spectrometry - This  technique is 

e i n g  app l i ed  t o  t h e  de t e rmina t ion  of r e f r a c t o r y  

elements ( S i ,  A l ,  V ,  T i ,  e t c . ) .  

b. Emission spectroscopy - S t u d i e s  cont inue i n  t h e  

a p p l i c a t i o n  of c o n t r o l l e d  atmospheres ( A r ,  He ,  N e ,  

and t h e i r  mixtures) t o  the  spec t rog raph ic  de t e rmina t ion  

of t h e  more r e f r a c t o r y  elements such as H f ,  Nb, Ta,  

W ,  and t h e  rare e a r t h s  ( a l s o  see Ref. 23). 

c. Gas chromatography - Appl i ca t ion  o f  t h i s  technique t o  

t h e  de t e rmina t ion  of H 0, CO and (or )  S i n  v e r y  

small q u a n t i t i e s  of materials of a s t r o g e o l o g i c  i n t e r e s t  
2 2’  

f a  , - - ~ . ~  r* rnatnnrifn m- inara l  c o p a r a t ~ c ~ ,  ~ h n n r i r ~ ~ i ~ s ~  

impact i tes)  i s  the  s u b j e c t  of con t inu ing  r e sea rch .  

d. X-ray f luo rescence  a n a l y s i s  - Research and service 

work s t i l l  con t inue  wi th  r e s e a r c h  e f f o r t s  be ing  

p r i n c i p a l l y  focused upon the l i g h t  major and minor 

elements where Z = 6 - 12 (Cy 0, F, N a y  and Mg) and 

a l s o  upon t h e  rare e a r t h s ,  and t h e  halogens ( R e f .  2 4 ) .  

e. Rad ioac t iva t ion  a n a l y s i s  

(1) General multi-element ana lyses  

General multi-element ana lyses  u t i l i z i n g  radio-  

chemical s e p a r a t i o n s  and ( o r )  nondes t ruc t ive  

in s t rumen ta l  techniques are be ing  developed and 

used as i l l u s t r a t e d  by t h e  de t e rmina t ion  of Ta  

and H f  i n  t e k t i t e s  and i m p a c t i t e s  as a con t inu ing  

c o n t r i b u t i o n  t o  e x i s t i n g  selective v o l a t i l i z a t i o n  

s t u d i e s .  Procedures f o r  determining P ,  T a ,  and Hf 

i n  si l icates have been developed (Refs. 2 5 ,  26). 
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(2) Achondrite s t u d i e s  

I n t e r r e l a t i o n s h i p s  of t h e  va r ious  types o f  

achondr i t e s  and t h e i r  e v o l u t i o n  are n o t  c l e a r l y  

understood. S t u d i e s  of t h e  v a r i a t i o n  of t y p i c a l l y  

l i t h o p h i l i c  elements ( T a ,  Hf, and P) ,  s ' iderophi l ic  

elements (Ni,  Co), and h i g h l y  f r a c t i o n a t e d  

c h a l c o p h i l i c  elements (Cd, I n ,  T l )  can provide 

a b e t t e r  understanding of t h e i r  h i s t o r y  and t h e i r  

re la 'c ionship ( i f  any) t o  o r d i n a r y  chondr i t e s  and 

the  Moon, The de te rmina t ion  of Cd, In, and T 1  

i n  achondr i t e s  w a s  made p o s s i b l e  by t h e  r e c e n t  

a c q u i s i t i o n  of a new low-level b e t a  counter.  

I n  o r d e r  t o  o b t a i n  meaningful d a t a ,  a n a l y t i c a l  

work concerning these  c h a l c o p h i l i c  elements w i l l  

con t inue  t o  monopolize the  new b e t a  coun te r  f o r  

probably 1 year .  

(?I T n s  Cri imenta l  ana lvses  (nondes t ruc t ive )  

The a p p l i c a t i o n  of coincidence-count ing techniques 

to  in s t rumen ta l  ana lyses  of s i l i c a t e s  i s  being 

inves t iga t ed .  C a l c u l a t i o n s  s t r o n g l y  support  t h e  

f e a s i b i l i t y  of determining Go, Cu, Fe, Mn, N a ,  

and S c  by t h e s e  techniques.  Determination of H f ,  

C1, and c e r t a i n  rare e a r t h s  by these  techniques 

a l s o  may be f e a s i b l e .  Completely nondes t ruc t ive ,  

they o f f e r  t h e  advantage of p e r m i t t i n g  subsequent 

p h y s i c a l  and o t h e r  chemical s t u d i e s  of t h e  same 

specimen (see Ref. 27 on Co and Cs). 

3 .  I n v i t e d  c o n t r i b u t i o n s  t o  r e fe rence  textbooks 

Three i n v i t e d  c o n t r i b u t i o n s  were made t o  textbooks: 

a. New ins t rumen ta l  techniques i n  geochemical a n a l y s i s  

(May and C u t t i t t a ,  1967,  see p. 5) 

X-ray f luo rescence  spectroscopy in  the  a n a l y s i s  of o r e s ,  

mine ra l s ,  and waters (Ref. 28) 

b. 

c. Gallium (Ref. 29) 
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I T .  Petrography of t e k t i t e s  

Three a s p e c t s  of t h e  problem of the  o r i g i n  of t e k t i t e s  are 

being s t u d i e d  by E. C. T. Chao. 

1. D a t a  have been c o l l e c t e d  on t h e  chemical v a r i a t i o n  and 

c h a r a c t e r i s t i c s  or' t e k t i t e s  of e v e r y  strewn f i e l d .  They 

were obtained by complete h igh -p rec i s ion  chemical ana lyses  

of major elements and 2 1  minor elements i n  approximately 

105 s e l e c t e d  t e k t i t e  samples. I n t e r p r e t a t i o n  of these  

d a t a  i s  pending. The c o r r e l a t i o n  c o e f f i c i e n t s  among 25 

parameters are t o  be i n t e r p r e t e d  a f t e r  t h e  closed-system 

e f f e c t  has been e l imina ted  through a computer program 

(Miesch, Chao, and C u t t i t t a ,  1966, see p. 5 ). 

2. R e l i c t  mineral  fragments have been found i n  the  chunky 

type of Thailand t e k t i t e s .  O p t i c a l  s tudy  and e l e c t r o n -  

probe ana lyses  showed t h a t  some of t h e s e  r e l i c t  minerals  

are qua r t z .  These minerals  are v e r y  s p a r s e ,  small ( u p  t o  
1 . '  7 . -  - - - L L - - - - 3  aK-*L'..d'.. .-,F :rlnnp:f~r+nh 

d ---a 36 m i c i u r i s j  , C(LW wLuc:Ly at .aLLC-LC-U.  I_lr-..VUY -_ _ _ _ _ _ _ _ _  
such r e l i c t  minerals  are being explored. I d e n t i f i c a t i o n  

of t hese  minerals  w i l l  provide new c l u e s  t o  t h e  s p e c i f i c  

type of pa ren t  material, whether igneous o r  sedimentary,  

from which the  Thailand t e k t i t e s  were formed. 

3. A j o i n t  s t u d y  is being made of  shock-produced g l a s s e s  

( R i e s  and Lake Bosumtwi impactites) and t e k t i t e s  (moldavi tes  

and Ivory Coast t e k t i t e s )  (Ref. 30). A d e t a i l e d  pe t rog raph ic ,  

X-ray, and thermal experimental  s tudy  of t he  R i e s  and 

Bosumtwi g l a s s e s  i s  i n  progress  (Chao, 1967, see p. 3 ; 

a l s o  R e f .  31). T e k t i t e  g l a s s  resembles the most i n t e n s e l y  

shocked Ries g l a s s  i n  t e x t u r e  and probably i n  p r e s s u r e  

and temperature h i s t o r y  of formation. This  i s  a con t inu ing  

s tudy  t o  demonstrate d e r i v a t i o n s  of g l a s s e s  from c r y s t a l l i n e  

materials by shock and t o  demonstrate t h e  change o r  l a c k  

of change i n  t h e  bu lk  composition of t he  fused g l a s s  as 

compared t o  the  p a r e n t  material. 
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111. Pe t ro logy  of m e t e o r i t e s  

1. Robin Brett (1967, see p. 3 ; Brett and Higgins,  1967, see p. 3;  

a l s o  see Ref. 32)  continued h i s  i n v e s t i g a t i o n s  of minor phases 

i n  i r o n  me teo r i t e s  as they bea r  on t h e  cond i t ions  of o r i g i n  o f  

t h e  me teo r i t e s .  Previous work showing t h a t  cohen i t e  is n o t  

n e c e s s a r i l y  a product  of h igh -p res su re  c r y s t a l l i z a t i o n  w a s  

extended by i n v e s t i g a t i o n s  of t he  c l i f t o n i t e  form of g r a p h i t e ,  

which w a s  shown t o  be a decomposition product  of cohen i t e  

Others  had suggested t h a t  c l i f t o n i t e  formed as a decomposition 

product  o f  diamond, which would r e q u i r e  a high-pressure h i s  tory.  

Syn thes i s  of c l i f t o n i t e  from cohen i t e  a t  low p r e s s u r e s  e f f e c t i v e l y  

demonstrated t h a t  t h e  minor mineral  phases of i r o n  m e t e o r i t e s  

do n o t  n e c e s s a r i l y  i n d i c a t e  a high-pressure h i s t o r y .  

2. B r e t t  continued h i s  s t u d i e s  of s u l f i d e  c r y s t a l l i z a t i o n  w i t h  a 

review of t h e  o r i g i n  of lamellar t r o i l i t e  ( c a l l e d  Reichenbach 

lamellae) i n  i r o n  m e t e o r i t e s  (Brett and Kullerud,  1967, see p. 3 ,  

a l s o  see ~ e l ,  3 3 ;  D L ~ L L  ~ L L U  JXLLUCL~UU, DcL y .  ,. U L C L L  

- _  _- _ .  - 

3 .  

and Henderson showed t h a t  lamellar t r o i l i t e  c r y s t a l l i z e d  from 

a r e s i d u a l  s u l f i d e  m e l t  a f t e r  metal phases were c r y s t a l l i n e .  

S e v e r a l  modes of c r y s t a l l i z a t i o n  were i d e n t i f i e d ,  and it w a s  

proposed t h a t  the term "Reichenbach lamellae" be abandoned. 

M. B. Duke's d e s c r i p t i o n  of t he  pe t ro logy  of e u c r i t e s ,  howardi tes ,  

and mesos ide r i t e s  w a s  completed wi th  electron-microprobe 

a n a l y s e s  of pyroxenes from f ive me teo r i t e s .  A l una r  o r i g i n  w a s  

proposed f o r  t hese  m e t e o r i t e s  on the b a s i s  of t h e i r  pe t ro logy  

and in fe rences  from l u n a r  s t r a t i g r a p h i c  h i s t o r y  ( R e f .  3 4 ) .  

Tv. Cosmic d u s t  

1. M. H. Carr i n v e s t i g a t e d  p a r t i c u l a t e  materials c o l l e c t e d  from 

the  upper atmosphere by a Lus te r  sounding rocke t  experiment 

and a L i t t o n  I n d u s t r i e s  h i g h - a l t i t u d e  (135,400 f t )  bal loon.  

E l e c t r o n  d i f f r a c t i o n  s t u d i e s  of 0.05 - 0 . 5 ~  p a r t i c l e s  c o l l e c t e d  

by t h e  ba l loon  suggest  t h a t  t hese  par t ic les  are an  i r o n  s p i n e l ,  

p o s s i b l y  t h e  r e s u l t  of m e t e o r i t e  a b l a t i o n .  S t u d i e s  of t he  
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Lus te r  samples showed t h a t  t h e r e  were a t  least 30 times as 

many p a r t i c l e s  r e p r e s e n t a t i v e  of contaminat ion as t h e r e  were 

p o s s i b l e  extraterrestrial materials (Carr and Gabe, 1967, see 

p. 3 ). Only upper l i m i t s  t o  t h  abundance of e x t r a t e r r  

material could be e s t a b l i s h e d ,  b u t  t h e s e  were a t  least two 

o r d e r s  of magnitude lower than  those determined from earlier 

Venus F l y t r a p  experiments. 

Lus t e r  r e s u l t s ,  The number of p a r t i c l e s  c o l l e c t e d  w a s  much 

lower than p r e d i c t e d  from ear l ier  measurements. 

3. H. T. M i l l a r d  and M. B. Duke s tud ied  magnetic sphe ru le s  from 

a deep-sea sediment and sphe ru le s  c o l l e c t e d  from t h e  atmosphere 

(Ref. 35). Magnet i te ,  w u s t i t e  and a - i r o n  are the  p r i n c i p a l  

phases of t h e  deep-sea s p h e r u l e s ,  which range from 100-400, 

i n  diameter.  Only magnet i te  was found i n  t h e  atmospheric 

ii I , .~” ,-hqn qn Thn Ni Mn and Ti 
r- Yr..- I 

c o n t e n t s  of t h e  deep-sea sphe ru le s  suppor t  t he  hypothesis  t h a t  

t h e  sphe ru le s  are a b l a t i o n  products  of i r o n  me teo r i t e s .  A 

technique f o r  mounting, s e c t i o n i n g ,  and p o l i s h i n g  small ’ p a r t i c l e s  

f o r  e lectron-microprobe a n a l y s i s  was desc r ibed  by Pinkelman 

and Duke ( R e f .  3 6 ) .  

4 .  A d e s c r i p t i o n  of the  She rgo t ty  m e t e o r i t e ,  a e u c r i t e  w i th  uncommon 

magmatic and shock-metamorphic f e a t u r e s ,  w a s  completed by 

a d d i t i o n a l  h e a t i n g  experiments on maskelynite.  Time-temperature 

curves  i n d i c a t e  t h a  immediately a f t e r  t he  maskelyni te  formed, 

t h e  temperature of t h e  m e t e o r i t e  remained below 450” C (Ref. 37 ) .  
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P a r t  D. SPACE FLIGHT INVESTIGATIONS 

I. O r b i t e r  

The Lunar O r b i t e r  program has produced a r i c h  photographic  ' 

d a t a  bank upon which s t u d i e s  o f  r e g i o n a l  geology and manned landing  

si tes w i l l  be  based f o r  years  t o  come. 

O r b i t e r  photographs are summarized i n  r e p o r t s  on t h e  appropr i a t e  

mapping programs i n  P a r t  A, Lunar and P l a n e t a r y  Inves t iga t ions .  

P a r t  D i s  a r e p o r t  of t h e  ope ra t ions  of pre l iminary  planning,  s i t e  

s e l e c t i o n ,  mission f l i g h t  ope ra t ions ,  and post-mission sc reen ing  

i n  which personnel  of t h e  Branches of Astrogeologic  S tud ie s  and 

Surface  P l a n e t a r y  Expl-oration p a r t i c i p a t e d  i n  suppor t  o f  t h e  

O r b i t e r  program ( t a b l e  1). The purpose of t h i s  p a r t i c i p a t i o n  w a s  

t o  a s s u r e  maximum e f f e c t i v e  s c i e n t i f i c  r e t u r n  from the  program. 

All f i v e  Lunar O r b i t e r  missions were successfu l .  A l l  were 

Pre l iminary  s t u d i e s  of 

n e a r l y  on schedule ,  and the  e n t i r e  program w a s  completed w i t h i n  a 

year  (August 1966 t o  August 1967) .  The primary o b j e c t i v e  of  the  

A*^ F Z . r n t  - - i-hrnn "..- -... - 4 n m 4 n n n  ... *-- -I-̂ - 7 . m m  ..-- tc zht2.1~- ? F g " - r - ~ - l - t F c z  (1-2  ~ ~ ~ ~ ~ ; ~ ~ p ~ ~  

of p o t e n t i a l  e a r l y  Apo l lo  landing  sites i n  t h e  e q u a t o r i a l  b e l t ,  

and e i g h t  p r ime  s i t e s  were se l ec t ed .  

i n t e r e s t  as later Apollo s i tes  a l s o  were photographed however, 

e s p e c i a l l y  i n  t h e  later missions.  

s i d e  was a l s o  photographed by t h e  f i r s t  t h r e e  missions.  

S c i e n t i f i c  s i tes  of  p o t e n t i a l  

Considerable  area on t h e  f a r  

Missions I V  and V were v e r y  d i f f e r e n t  from the  f i r s t  t h r e e ;  

they obtained photographic coverage of a l l  p a r t s  of  the  Moon by 

f l y i n g  a near -polar  o r b i t  and were mainly d i r e c t e d  a t  r e g i o n a l  and 

t o p i c a l  s c i e n t i f i c  ques t ions  i n  a d d i t i o n  t o  l o c a l  landing  s i te  

eva lua t ion .  Mission I V  photographed the  e n t i r e  f r o n t  s i d e  a t  from 

60 t o  100 m r e s o l u t i o n  (except  f o r  p a r t s  i n  the  east which have 

e i t h e r  less r e s o l u t i o n  o r - - in  a 10 degree s t r ip--are  badly  fogged) 

and a l s o  much of the  f a r  s ide .  The inva luable  photographs from 

t h i s  mission are now the  primary source material f o r  r e g i o n a l  l una r  

s t u d i e s .  (Use of what i s  probably the  s i n g l e  most va luab le  product 

of the  mission--Mare O r i e n t a l e  photography--is d i scussed  i n  P a r t  R.) 
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Mission V ,  t he  most n e a r l y  f l a w l e s s  of a l l  t he  mis s ions ,  produced 

a q u i t e  d i f f e r e n t  product  and one t h a t  w i l l  supplement Mission IV:  

h i g h - r e s o l u t i o n  (2%-20  m) photographs of c a r e f u l l y  chosen i n d i v i d u a l  

s c i e n t i f i c  s i tes ,  as w e l l  as new photographs of e a r l y  h p o l l o  s i tes ,  

inc lud ing  an  important s i t e  (V-8)  t h a t  had n o t  been w e l l  covered 

before .  Among the  many superb photographs ob ta ined ,  p a r t i c u l a r l y  

noteworthy were those of t h e  young craters A r i s t a r c h u s ,  Tycho, and 

Copernicus wi th  t h e i r  i n c r e d i b l e  d e t a i l  of "ponds ," "mudflows 

b locks ,  and f r a c t u r e s ;  of t h e  smaller f r e s h  craters Censorinus,  

Pe tav ius  B ,  Dawes, S tev inus  A,  Copernicus H,  Dionysius,  and Messier; 

of small f r e s h  vo lcan ic  f e a t u r e s  such as the  Hyginus R i l l e  c r a t e r s ,  

R i m a  Bode I1 crater ,  Gru i thu i sen - reg ion  domes and craters, Tobias 

Mayer dome, and t h e  Marius H i l l s ;  of young d a r k  vo lcan ic  d e p o s i t s  

such as those nea r  L i t t r o w ,  S u l p i c i u s  Ga l lus ,  Copernicus CD, R i m a  

Bode 11, and the  A r i s t a r c h u s  P l a t e a u ;  of s inuous r i l les  such as 

Hadley, R i m a  P l a t o  11, S c h r z t e r ' s  Va l l ey ,  and those of t h e  

na ro inze r  i w u u w u b ,  U L  uAa L L I L \ r L  --..., _ _  - -. 

t e r r a i n s  such as Era tos thenes ,  Gassendi,  and t h e  A l t a i  Sca rp ,  which 

w i l l  h e l p  c a l i b r a t e  young t e r r a i n s .  Mission V a l s o  f i l l e d  i n  

almost a l l  t h e  gaps i n  photographic coverage of t h e  f a r  s i d e  of 

t h e  Moon. I n  photographs of many s i tes ,  f e a t u r e s  are v i s i b l e  t h a t  

. .* -.. 1 .. -.-3 -c - 1 1  c- - 1  

provide information on s u r f a c e  eng inee r ing  p r o p e r t i e s .  Block 

t r a c k s  and t h e  o b j e c t s  t h a t  formed them are an  example. Many s i tes  

w i l l  be s t u d i e d  i n t e n s i v e l y  as p o t e n t i a l  la te-Apollo landing s i tes ,  

and a program of e x p l o r a t i o n  i s  now being dev i sed  t h a t  w i l l  maximize 

t h e  geo log ic  product  from t h i s  r i c h  s e t  of sites. 

Each of t h e  f i r s t  t h r e e  missions (I,  11, and 111) w a s  preceded 

by the  s e l e c t i o n  of primary and secondary photographic si tes.  

Among the geologis tswho c o l l e c t e d  d a t a  from ear l ier  1:1,000,000 

geologic  and t e r r a i n  maps f o r  t h e  s e l e c t i o n  and documentation of 

t h e s e  s i tes ,  J. F. McCauley, L. C. Rowan, D. E. Wilhelms, 

M. J. G r o l i e r ,  and Harold Masursky were e s p e c i a l l y  active. Pre- 

e v a l u a t i o n s  of the  n i n e  Mission I s i tes ,  which appeared as Technical 

Lette'rs Astrogeology 13 through 21, were d i scussed  i n  P a r t  D of 
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t h e  last  annual r e p o r t .  Desc r ip t ions  of a l l  missions except  I V  

(Lunar O r b i t e r  P ro j .  O f f i c e ,  1966-67, see p. 7 ) w e r e  prepared 

wi th  the  h e l p  o f  Survey g e o l o g i s t s ,  mainly 

and 11, N. J. Trask f o r  Mission 111, and D. 

Mission V. Geologic ana lyses  conducted d u r i n g  t h e  s c r e e n i n g  and 

e v a l u a t i o n  phase were e s p e c i a l l y  important i n  planning subsequent 

missions.  

ause i t  was a 

r t a n t  mission was le-Moon survey , 
determined i n  p a r t  by t h e  e f f o r t s  of Survey g e o l o g i s t s ,  e s p e c i a l l y  

Harold Masursky and L. C. Rowan, who succeeded i n  demonstrat ing 

the  need f o r  t h e  mission. Nearly a l l  Branch g e o l o g i s t s  p a r t i c i p a t e d  

i n  t h e  s e l e c t i o n  of Mission V s i tes ;  t h e i r  opinions were c o l l e c t e d ,  

coord ina ted ,  and p resen ted  t o  t h e  Lunar O r b i t e r  Mission V Planning 

Group by Harold Masursky and D. E. Wilhelms, 

During each of t h e  mis s ions ,  g e o l o g i s t s  a c t e d  as mission 
-a-r;onrc O +  tho S n a r p  vlioht nnpratinns F a c i l i t v  (SFOF) a t  t h e  

Jet  P ropu l s ion  Laboratory,  Pasadena , C a l i f o r n i a  , ( t a b l e  1) providing 

geo log ic  and photometr ic  information on t h e  i n d i v i d u a l  s i tes 

needed by the  f l i g h t  o p e r a t i o n s  crews i n  monitoring and a d j u s t i n g  

the  mission. 

The sc reen ing  and e v a l u a t i o n  phase c o n s i s t e d  of geo log ic  and 

t e r r a i n  ana lyses  of t he  primary photographic si tes , l ead ing  t o  

recommendations t o  t h e  Lunar O r b i t e r  P r o j e c t  O f f i c e  concerning t h e  

relative roughness and s c i e n t i f i c  merits of the  sites. On t h e  * 

b a s i s  of t h e s e  r eco  s and those  o 

s c i e n t i s t s  and eng inee r s  who s t u d i e d  t h e  l a n d a b i l i t y  and r a d a r  

approach p a t h s ,  subsequent missions were planned and e i g h t  p o t e n t i a l  

Apollo landing s i tes  were s e l e c t e d  f o r  f u r t h e r  s t u d y  (see P a r t  A). 

Pre l imina ry  ana lyses  and accompanying maps f o r  t h e s e  s i tes  as 

w e l l  as r e j e c t e d  ones are i n  f o u r  s c reen ing  r e p o r t s  (Refs. 3 - 6 ) ,  

S p a c e c r a f t  Center  c o l l a b o r a t e d  (Mission IV 
Summaries of Missions I and TI were a l s o  prepared 

on which the  Manned 

w a s  n o t  screened) .  



(Lunar O r b i t e r  P ro j .  O f f i c e ,  1966, see p. 7 ). Some obse rva t ions  

by Rowan on Missions I and I1 were publ ished (1967, see p. 5 ). 

Genera l i za t ions  t h a t  can be drawn about  t h e  l u n a r  s u r f a c e  a t  l a r g e  

scales on the b a s i s  of the f i r s t  t h r e e  missions were summarized i n  

a paper by Trask and Rowan (Ref. 38) , which w a s  i n  p r e s s  a t  t h e  end 

o f  t h e  f i s c a l  year .  

A l l  t h r e e  phases involved o r a l  p r e s e n t a t i o n s  and p r e s s  

conferences i n  a d d i t i o n  t o  the t e c h n i c a l  documents. P a r t i c i p a n t s  

were: L. C. Rowan, I, 11, 111; T. W. O f f i e l d ,  11; T. N. V. Rarls t rom, 

11; N. J. Trask, 111; M. J. G r o l i e r ,  I, 11; J. F. McCauley, I; 

H, J. Moore, I; Harold Masursky, I-V. 

11. Surveyor t e l e v i s i o n  i n v e s t i g a t i o n s  

This  s e c t i o n  of the Annual Report d e s c r i b e s  work done by t h e  

U.S. Geological  Survey on behalf  of t h e  3et P ropu l s ion  Laboratory 

under c o n t r a c t  WO 3027. 

Surveyor t e l e v i s i o n  p i c t u r e s  i n  o r d e r  t o  i n t e r p r e t  t he  geo log ic  

narlire or  rne L U I I ~ L  * C ( L L ~ ~ ~  Llir .._ _...-__. - 
upon i t ,  as w e l l  as t o  produce geologic  and physiographic maps of 

Surveyor landing sites. E. M. Shoemaker, p r i n c i p a l  i n v e s t i g a t o r  

o f  t h e  Surveyor t e l e v i s i o n  camera experiment,  heads a U.S. Geological  

Survey team of 10 t o  12  f u l l - t i m e  employees. During Surveyor 

mission ope ra t ions  a t  t h e  J e t  P ropu l s ion  Laboratory i n  Pasadena, 

C a l i f o r n i a ,  members of t he  team mosaic t h e  many small p i c t u r e s ,  

about  2 x 2 i nches ,  i n t o  l a r g e r  s e c t o r s  of about  75 p i c t u r e s .  

Other members s tudy  t h e  newly acquired p i c t u r e s  i n  o r d e r  t o  guide 

t h e  con t inu ing  c o l l e c t i o n  of new data .  Surveyor d a t a  are later 

analyzed t o  determine the  n a t u r e  of t he  l u n a r  t e r r a i n ;  s i z e  

d i s t r i b u t i o n  of craters and fragments;  and t h e  f a b r i c ,  coherence,  

and approximate th i ckness  of t he  s u r f i c i a l  l a y e r  of f ragmental  

d e b r i s ,  as w e l l  as the  photometric p r o p e r t i e s ,  i nc lud ing  co lo r ime t ry ,  

pho tome t r y  , and po lar i m e  t ry. 

The Survey is  ana lyz ing  h i g h - r e s o l u t i o n  

- ‘ - .  6 - - -  --^I...-.,.,,” q,t.;nn 
r -  - 

Two s u c c e s s f u l  Surveyor missions were flown dur ing  the  r e p o r t  

pe r iod :  Surveyor IIT t o  Oceanus Procel larum and Surveyor V t o  

Mare T r a n q u i l l i t a t i s .  During t h e  Surveyor 111 mission about  
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90 mosaics composed of 4,500 p i c t u r e s  

roduced 180 mo 

mosaics are cornpi 

annotated wi th  i t s  

Surveyor I11 landed A p r i l  20, 1967, i n  a subdued, rounded 

crater about 210 m i n  diameter  and 15 m deep, about  370 km sou th  

of t h e  crate 

crater and s 

t e l e v i s i o n  p i c t u r e s  w i t h  those i n  a h i g h - r e s o l u t i o n  Lunar O r b i t e r  I11 

p ho tograp h. 

The luna r  s u r f a c e  surrounding the crater was o u t s i d e  t h e  

camera's f i e l d  of view, b u t  t h e  crater's s l o p i n g  walls permit ted 

nearby f e a t u r e s  t o  be viewed more c l e a r l y  than would have been 

p o s s i b l e  on f l a t  t e r r a i n .  The s i ze / f r equency  d i s t r i b u t i o n  of 

observable  craters is  c l o s e l y  similar t o  the mean d i s t r i b u t i o n  
L.. D~~~~~~ TTTT-TV r L 1 . -  .I..--... - - - .  * .  

LCLUJ-UGU A I L  YA'" L"&L..r..- -.. Y 

Surveyor I. B r i g h t  f ragmental  d e b r i s  appears t o  be i r r e g u l a r l y  

s c a t t e r e d  over much of t h e  v i s i b l e  f i n e r  grained luna r  su r face .  

The d e b r i s ,  which covers  about  12 pe rcen t  of t h e  s u r f a c e ,  and a 

f i n e r  grained ma t r ix  i n  which i t  i s  embedded, t o g e t h e r  compose a 

p a r t i c u l a t e  l a y e r  of low cohesion. The l a y e r  is a t  least 1 m t h i c k  

a long  t h e  upper p a r t s  of t he  crater i n  which Surveyor 111 landed, 

b u t  blocky ejecta around superposed craters i n d i c a t e s  t h e  presence 

of c o a r s e r  fragments o r  more coherent  material a t  a dep th  of n o t  

more than a few meters. Small superposed craters nea r  t h e  bottom 

of t h e  main crater l a c k  blocky r i m s ,  i n d i c a t i n g  t h a t  t h e  th i ckness  

y c r  t h e r e  i s  probably 10 

Although Surveyor I landed on r e l a t i v e l y  f l a t  smooth mare and 

Surveyor 111 landed i n  a subdued crater about  210 m i n  d i ame te r ,  

comparisons of t he  p i c t u r e s  from t h e s e  d i f f e r e n t  si tes i n d i c a t e  

craters and t h e  fragmental  d e b r i s  are similar i n  

ze ,  and shape. Most cr  t both s i t e s  are 
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considered t o  be of impact  o r i g i n .  Craters wi th  s h a r p  r a i s e d  r i m s  

are a s s o c i a t e d  w i t h  angu la r  blocks t h a t  are perched on top o f  the 

l o c a l  s u r f a c e  and they  are i n t e r p r e t e d  as be ing  young r e l a t i v e  t o  

o t h e r  nearby craters t h a t  have rounded r i m s  and less prominent ' 

d e b r i s .  S i m i l a r l y ,  degree o f  roundness of t h e  blocks is i n t e r p r e t e d  

as r e f l e c t i n g  l eng th  of exposure t o  abrading f o r c e s ;  blocks 

a s s o c i a t e d  wi th  subdued ( o l d e r )  craters are s i g n i f i c a n t l y  rounder 

than those a s s o c i a t e d  wi th  r a i sed - r im  craters. I n  a d d i t i o n ,  the 

r e l a t i o n  of blocks t o  t h e  surrounding s u r f a c e  sugges t s  t h a t  

f r e s h l y  t r anspor t ed  blocks are perched on top of t h e  s u r f a c e  and 

o l d e r  rocks are bur i ed  i n  varying degree. 

Disturbance of s u r f a c e  material by t h e  footpads on Surveyor I 

and 111 was similar a t  the  t w o  sites. A s o i l  mechanics s u r f a c e  

sample r  on Surveyor 111 made bea r ing  and impact tests and dug 

f o u r  t renches.  The geologic  conclusion from the  footpad imprints  

and areas d i s t u r b e d  by t h e  s u r f a c e  sampler  i s  t h a t  t h e  f ine -g ra ined  

nnrt i c i i l a te  l u n a r  s u r f a c e  materia!. i s  s l i g h t l y  compressible and 

has re la  t ive l y  low cohes ion. 

The normal r e f l e c t a n c e  of t h e  l u n a r  s u r f a c e  (albedo)  w a s  

determined a t  b o t h  Surveyor I and I11 landing si tes f o r  d i f f e r e n t  

materials observed. The albedo of t he  f ine -g ra ined  undis turbed 

s u r f i c i a l  tnaterial w a s  7 . 3  percen t  a t  Surveyor I s i t e  and 8.5 pe rcen t  

a t  Surveyor 111 site.  The blocks o r  rock fragments a t  bo th  s i tes  

were n o t i c e a b l y  l i g h t e r ;  t h e i r  a lbedo w a s  about  14 t o  19 percent .  

A l l  d i s t u r b a n c e s  of the s u r f i c i a l  materials exposed da rke r  material 

a t  depths  as small as  a few m i l l i m e t e r s  below the  o p t i c a l l y  

observed su r face .  The albedo of t h i s  d a r k e r  f ine -g ra ined  material 

i s  as much a s  20-30 pe rcen t  lower than t h a t  of t h e  undis turbed 

s u r f i c i a l  material. 

impr in t s  d i f f e r  pho tomet r i ca l ly  from the  undis turbed su r face .  

A t  l a r g e r  phase ang le s  they  r e f l e c t  about 30 pe rcen t  more l i g h t  

than the  undis turbed luna r  s u r f a c e  material, sugges t ing  t h a t  

small i r r e g u l a r i t i e s ,  which normally cast shadows, have been 

p a r t l y  f l a t t e n e d  o u t  by the  p r e s s u r e  of t he  smooth footpads.  

The smooth w a l l s  and bottom of the  footpad 
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Color f i l t e r s  were inco rpora t ed  i n  t h e  Surveyor t e l e v i s i o  

cameras t o  enab le  c o l o r  d i f f e r e n c e s  of l u n a r  s u r f i c i a l  

t o  be d e l i n e a t e d .  A l l  t he  material observed appe 

A topographic map of t he  v i s i b l e  p a r t  of t h e  Surveyor 

w a s  cons t ruc t ed  by u t i l i z i n g  t h e  Lunar Orbiter h i g h - r e s o l u t i o n  

p i c t u r e s  f o r  p l a n i m e t r i c  c o n t r o l  and s p o t  e l e v a t i o n s ;  contour  

l i n e s  were then drawn from i n t e r p o l a t i o n  of t he  s p o t  e l e v a t i o n  

o t h e r  contour  map of t h e  crater w a s  p 

pho toc l inomet r i c  p r o f i l e s  d e r i v e d  from Lunar O r b i t e r  111 high- 

r e s o l u t i o n  photograph H154. 
210 t o  230 meters i n  diameter  w i th  a dep th  o f  15 meters. Near 

t h e  v i c i n i . t y  of t h e  Surveyor s p a c e c r a f t ,  t he  g e n e r a l  s l o p e  of t he  

crater w a l l  w a s  determined pho toc l inomet r i ca l ly  t o  be a b o i t  12". 

It showed a crater ranging from 

Surveyor V landed September 11, 1967, i n  t h e  southwestern 

p a r t  of Mare T r a n q u i l l i t a t i s ,  a t  about  lat  1.5" I?. , long 23.2" E. 

It f irst  touched down on the  edge of a s m a l l  c r a t e r  and then skidded 
c , I  .. - L - _ _  -.. . 1 _. P_I - .  - -  

U U W l l W d L U  U l I L I I  ~ u u ~ y a u i l  L QLIU J I L U C I L I C U  -La\- -- _.._ _ _ _ _ _ _ _  
The t e l e v i s i o n  camera's view of the t e r r a i n  o u t s i d e  t h e  c r a t e r  w a s  

g r e a t l y  r e s t r i c t e d .  A topographic map of t h e  l and ing  s i t e  i s  

be ing  compiled. 

The crater i n  which Surveyor V landed i s  e longa te  i n  a northwest-  

s o u t h e a s t  d i r e c t i o n  and i s  the l a r g e s t  member of a c h a i n  of s m a l l  

craters t r end ing  northwest.  It a p p e a r s  t o  be a rimless compound 

crater, about 9 m wide by 1 2  m long, c o n s i s t i n g  of two p a r t l y  

merged components s epa ra t ed  by a subdued north-  t r end ing  r idge.  

The c r a t e r  i s  probably a member of t h e  f ami ly  of e l o n g a t e  craters 

and crater p a i r s  v i s i b l e  i n  the  Lunar O r b i t e r  V h i g h - r e s o l u t i o n  

p i c t u r e s  of t h e  v i c i n i t y  of t h e  landing s i te .  

i d e n t i f i e d  on t h e s e  p i c t u r e s .  

It has no t  been 

The crater may have formed by d ra inage  of s u r f i c i a l  f ragmental  

material i n t o  a subsurface c a v i t y  o r  f i s s u r e .  The luna r  s u r f a c e  

d e b r i s  l a y e r  i s  exposed i n  t h e  walls of t h i s  c r a t e r .  

below about 10 c m  t h e  d e b r i s  appears  t o  be composed mainly of 

A t  depths  
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c lods  of shocklcompressed aggrega tes  ranging  from a f e w  millimeters 

up t o  3 c m  i n  d iameter ,  set i n  a matrix of less coherent  f i n e r  

particles. Rocky ch ips  and fragments are d i spe r sed  as a subord ina te  

c o n s t i t u e n t  of t he  deb r i s .  A few l a r g e r  f ragments ,  up t o  20 c m  

a c r o s s ,  appear  t o  be complex aggrega tes  o r  i n d i v i d u a l  angu la r  

p i eces  of rocky material. 

111. Mars s p a c e c r a f t  

s t r u c t u r e  of Ifars w a s  submit ted by Barold Masursky, J .  F. McCauley, 

and D. E. Wilhelms t o  NASA on October 31,  1967, s h o r t l y  a f te r  

c a n c e l l a t i o n  of t h e  Voyager 1973 Announcement of Opportunity.  

The document o u t l i n e s  a series of graduated e x p l o r a t i o n  o b j e c t i v e s  

and d i s c u s s e s  the  type of d a t a  r educ t ion  considered d e s i r a b l e .  

It i s r a p p l i c a b l e  t o  pre-Voyager o r b i t a l  missions as w e l l  as t o  

later Voyager missions t h a t  w i l l  u t i l i z e  landing  veh ic l e s .  
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